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This thesis is comprised of two parts united by the general theme of making materials 
with micro- and nanostructural features. Being able to control the size and shape of materials is 
useful and important for a variety of different applications, including analytical materials, 
composites, and catalysts. The first part of this thesis describes the development of a new method 
to produce gas chromatography (GC) microcolumns with a polymer substrate. The second part of 
this thesis concerns the use of ultrasonic nebulization of solutions and suspensions both to 
produce unique nanostructured materials and to aid the study of nanomaterials.  
 The first chapter introduces GC and GC capillary microcolumns. A brief history of the 
development of GC is given, along with some of the important concepts and equations that are 
relevant to the work presented here. Additionally, a brief review of the development and use of 
GC microcolumns is given. This includes the development of etched silicon microcolumns, 
strategies to improve microcolumn efficiency, strategies to apply the stationary phase to capillary 
columns, and the development of microcolumns with a polymer substrate. The latter part of the 
chapter details the production and performance of Rankin and Suslick’s disposable epoxy 
microcolumn. 
 In Chapter 2, the ongoing problem of producing GC microcolumn channels with a 
circular cross-section is addressed by the development of a method utilizing a sacrificial fiber as 
a template for the microcolumn channel. It was found that polylactic acid fiber treated with a 
tin(II) oxalate catalyst performed well as a template for microcolumns as long as 1 m. 
Additionally, a method to apply a polydimethylsiloxane stationary phase by coating the 




for the separation of alkane mixtures had an efficiency as high as 1800 plates m-1, but the 
microcolumns did not perform well at elevated temperatures. 
 Further developments in polymer GC microcolumns prepared with a sacrificial fiber 
template are described in Chapter 3. The problem of temperature stability and substrate inertness 
is addressed by changing from an epoxy to a thermoset polyolefin based on the ring opening 
metathesis polymerization of polydicyclopentadiene using Grubbs’ catalyst. Furthermore, as a 
departure from traditional GC microcolumns, a three-dimensional helical configuration is used 
that removes the use of tight turns necessary for two-dimensional configurations, and it is 
demonstrated that the new configuration contributes to an improvement in separation efficiency. 
In contrast to coating the sacrificial fiber with the stationary phase, a dynamic coating method is 
used to apply the microcolumn stationary phase. The microcolumns demonstrate the ability to 
separate a sample of alkanes with an efficiency of 2300 plates m-1, and it is also shown that they 
can separate other analytes as well as performing separations at 100 °C. 
 Additive manufacturing has become a production technique of interest in many fields, 
including chromatography. Chapter 4 describes the use of a commercially available reprap fused 
filament fabrication 3D printer to make a capillary GC microcolumn. The chapter discusses 
important design elements and challenges with using a 3D printer to make airtight capillary 
channels. Spiral and serpentine column designs were made and tested. The microcolumns were 
printed using PLA as the substrate material and coated with OV-101. In a separation of a mixture 
of alkanes, one serpentine microcolumn design had a separation efficiency of 700 plates m-1. 
 The second part of the thesis begins in the fifth chapter. Chapter 5 gives a brief 
introduction and review of the use of ultrasound to make nanostructured materials. The first part 




can be used to produce nanomaterials. The second part of the chapter discusses the physical 
effects of ultrasound, including the formation of emulsions, sonofragmentation, and using 
ultrasound to nebulize liquids for spray pyrolysis. 
 In Chapter 6 ultrasonic spray pyrolysis is used to produce metal borate microsopheres. 
Magnesium and calcium borate microspheres were produced as hollow spheres with very thin, 
smooth shells. Nickel and cobalt borate microspheres were also produced, and they exhibited 
slightly different morphology with rougher surfaces. The nickel and cobalt microspheres show 
some activity as catalysts for the oxygen evolution reaction. Potential applications for hollow 
microspheres are also discussed. 
 The final chapter of the thesis demonstrates the use of ultrasonic spray techniques for the 
preparation of gold nanorod samples for transmission electron microscopy. The new ultrasonic 
technique is an alternative to drop-casting that deposits the nanoparticle suspension as a 
microspherical droplets. Due to the relative uniformity of ultrasonically generated droplets, it is 
also possible to adjust the concentration of the nanoparticle solution to control the average 
number of particles per droplet. It is demonstrated that this technique can be used to prepare 
samples on graphene-coated TEM grids. Additionally, the concentration of a nanoparticle 
solution can be estimated through the average number of nanoparticles per cluster, although 
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CHAPTER 1: INTRODUCTION TO GAS CHROMATOGRAPHY 
MICROCOLUMNS 
 
1.1 Introduction to Gas Chromatography 
 From gasoline to beer, the smell of a rose to the air itself, many of the things we identify 
as distinct materials are in fact complex mixtures made from multiple components. The number, 
nature, and concentration of the components of a mixture are important in determining the 
overall properties of the mixture. For example, the relative amounts of different alkane in 
gasoline affect its performance when burned in an engine, as reflected by different fuel grades. 
Changes in mixtures are often important as well, such as when barley mash ferments, consuming 
dissolved sugars while increasing ethanol to make beer. One of the most powerful techniques for 
identifying and analyzing the components of a mixture is to separate them using 
chromatography.  
Gas chromatography (GC) is used for the analysis of permanent gases and volatiles and 
vaporous samples. While GC has been a widely used technique in analytical laboratories for over 
half a century, the equipment necessary to perform the analyses has historically been too bulky to 
allow for the use of GC to analyze volatile samples at their source locations. There have been 
substantial research effort to miniaturize the components of a GC device. In the first part of this 
thesis, I will report on the development of polymer gas chromatography microcolumns both 
using a sacrificial fiber template and using 3D printing. 
 In this chapter, I will describe some relevant basic aspects of chromatography and 





recent progress of silicon etched GC microcolumns, and efforts to develop polymer-based GC 
microcolumns. 
 
1.1.1 Basic Principles of Gas Chromatography 
 While there are a variety of chromatographic techniques, all forms of chromatography 
share the same basic design. The sample mixture starts out in a flowing phase, called the mobile 
phase. The mobile phase flows over another fixed phase called the stationary phase that the 
analytes can partition into. The mobile phase and stationary phase need to be selected such that 
the components of the mixture will have relatively different affinities for diffusing into the 
stationary phase. Components with relatively greater affinity for the stationary phase will spend 
more time within the stationary phase and thus move slower in relation to the mobile phase and 
components with less affinity for the stationary phase. Through this process the mixture can be 
separated into its constituent components. 
 Figure 1.1a shows a basic diagram of a gas chromatograph. A gas chromatograph 
requires three parts to function: a port for injecting the sample to be separated, a column that 
contains the stationary phase to separate the components of the injected sample, and a detector to 
sense and measure when a component has eluted through the column. As analytes elute through a 
GC column, they can be recorded using a detector. Figure 1.1b is a cartoon showing an idealized 
chromatogram for a hypothetical sample. For an ideal column, the analyte peaks should have a 
Gaussian shape. Depending on the type of chromatography used, the relative retention of an 
analyte can be measured in a variety of ways, volume of mobile phase eluted or the time for the 





measure. The retention time of the mobile phase, tm, can be obtained using the peak of an 
unretained analyte. 
 The shape of an analyte peak in a chromatogram can be used to evaluate how well the 
separation occurred. Separation efficiency can be expressed by calculating the number of 
theoretical plates of the column, N, using the retention time of a peak, tR, and either the width of 
the peak at its base, w, or the width of the peak at half its maximum height, wh, shown in 
Equation 1.1. 






The concept of theoretical plates is taken from distillation, where plates or other obstructions in a 
distillation column can help improve fractionation. The theoretical framework underpinning the 
use of plates in distillation does not apply for chromatography, but the calculation of theoretical 
plates provides a useful metric for comparing the performance of different columns and 
separation procedures. A related metric to plate count is the height equivalent of a theoretical 
plate, H, which is defined as: 
! = !! 
(Equation 1.2) 
where N is the plate count and L is the length of the column. As H decreases, the efficiency of a 
column will increase. The multiplicative inverse of H is the number of theoretical plates a 
column has per the unit of length used for H. Due to the difference in length between traditional 
GC columns and the microcolumns discussed in this thesis, I will often use the theoretical plate 





1.1.2 Capillary Gas Chromatography 
 The origins of GC trace back to the 1940’s and 1950’s when several researchers tried to 
apply the principles of chromatography to gas separations, relying on the process of gas 
adsorption to solid materials.1-4 In 1952 James and Martin published their invention of the first 
gas-liquid chromatography column. The earliest GC columns were made by applying the liquid 
stationary phase to a porous material, such as diatomaceous earth, and packing it into a column.5 
It is important to note that both the porous substrate and the walls of the column need to be inert 
and impermeable in regard to the analyte and mobile phase. Metal (copper, nickel) and glass 
were common column materials. Van Deemter described the sources that limit the efficiency of a 
chromatographic columns (such as a packed GC column) and approximated the efficiency of 
columns using the following equation, which is shown in a simplified format:6 
! = ! + !! + !" 
(Equation 1.3) 
In Equation 1.3, u is the linear speed of the mobile phase through a column; A is the multipath 
term affected by the multiple pathways that a molecule can travel through a packed bed of 
porous material; B is the longitudinal diffusion coefficient that reflects the tendency of a 
concentrated gas sample to diffuse to regions of lower concentration, and C is the mass transfer 
coefficient. The C coefficient can be further divided into Cs, the stationary phase mass transfer 
coefficient and Cm, the mobile phase mass transfer coefficient. These coefficients reflect the 
kinetics of analyte absorption into the stationary phase and the dynamics of analyte flow in the 
mobile phase, respectively. 
 Less than a decade after GC was first developed using packed columns capillary GC 





packing material but are rather open tubes. The stationary phase is applied as a thin layer on the 
channel walls. For this design to be successful, the column channel diameter is much smaller 
than a packed column. A cartoon diagram showing the cross-section of a capillary GC column is 
shown in Figure 1.2. Golay expanded on the work by Van Deemter to understand the efficiency 
of capillary columns The equation for a capillary column with a circular cross-section is given in 
equation 1.4. 
! = 2!!! +
!"!!!!
1+ ! !!!
+ (1+ 6! + 11!
!)!!!!
96 1+ ! !!!
 
 (Equation 1.4) 
The mobile phase should flow through a capillary column at a rate within the laminar flow 
regime. Since there are no porous packed particles to convolute the path of gas molecules in the 
mobile phase flowing through the column there is no A term in Equation 1.4. The longitudinal 
diffusion term is directly dependent on DM, the diffusion coefficient of the analyte in the mobile 
phase. For the C terms, df is the thickness of the stationary phase film, DL is the diffusion 
coefficient of the analyte in the stationary phase, dc is the diameter of the column, and q is the 
configuration factor, which equals 2/3 for a uniform liquid film. The retention (or capacity) 
factor, k, is defined as: 
! = !! − !!!!
 
(Equation 1.5) 
Figure 1.2 labels some of the physical parameters contained in Equation 1.4. Both decreasing the 
diameter of the column and the thickness of the stationary phase can reduce H; however, 
decreasing column diameter can result in much longer analysis times, and reducing the thickness 





 Glass was a popular choice for capillary columns in the early years of GC, and methods 
were developed to make long coils of thin glass tubing. While the glass tubing was adequate for 
chromatography, it was also quite fragile. In 1979, Dandeneau and Zerenner first reported the 
use of fused silica capillaries for gas chromatography, noting both its inertness and its flexibility 
relative to prior glass capillaries.7 Fused Silica has since become the predominant material for 
capillary GC columns. Capillary GC columns can be purchased in a variety of lengths and 
diameters, and with various stationary phase coatings. Columns are typically tens of meters long 
with diameters ranging from 100 to 800 µm (I.D.). There are a variety of stationary phases used 
for different kinds of samples, such as polydimethylsiloxane (PDMS), 
poly(phenylmethyldimethyl) siloxane, polyethylene glycol (PEG, “carbowax”), 
poly(dicyanoallyldimethyl) siloxane, or poly(trifluoropropyldimethyl) siloxane. Depending on 
the column and stationary phase selected for a particular set of analytes, the efficiency of the 
separation and the time of the analysis can vary widely, and these two factors are usually 
indirectly proportional to one another. For longer columns the plate count can exceed 100 000 
plates, although the plate count per meter is usually between 1000-3000 plates m-1. 
 
1.1.3 Column Coating Methods 
 One challenge with constructing a capillary GC column is applying the stationary phase. 
The stationary phase needs to be as uniform as possible throughout the length of the column, 
since any areas where the stationary phase is present in excess or is depleted will reduce 
separation efficiency. There are two general methods that are used for column coating: dynamic 
coating and static coating. Both methods have advantages and disadvantages in regard to the 





 Of the two coating methods, dynamic coating is the easier method to use. To coat a 
column using the dynamic coating method, a coating solution must be made. Typically, the 
solution should have a concentration of about 5 wt.% stationary phase. A plug of the coating 
solution is injected into column until about 10 wt.% of the column length is filled. A gas is then 
used to push the plug through the length of the column at a speed of around 5 mm s-1. Once the 
plug has eluted entirely through the column the gas is still flowed through the column at a very 
low rate for a duration to ensure that most of the residual solvent has evaporated. If the gas flow 
is too high while the stationary phase coating the column wall is still partially dissolved in 
solvent the stationary phase can become rippled. Once the stationary phase is mostly dry, any 
remaining solvent can be removed using a higher flow rate of gas and heating. An interesting 
alternative method of dynamic coating involves injecting a higher concentration stationary phase 
plug (10-40%) into the column followed by a plug of mercury that will skim off excess 
stationary phase, leaving a thin coating.8 
 In contrast to dynamic coating, static coating is able to provide more uniform coatings 
with tunability of the coating thickness, but the procedure is more difficult to use. To apply a 
stationary phase using static coating, a very dilute solution of the stationary phase is made based 
on the volume of stationary phase desired in comparison to the volume of the column channel. 
Through this calculation the thickness of the stationary phase can be adjusted based only the 
concentration of the coating solution. The solution must be free of particulates or dissolved air. 
The coating solution is injected into the entire length of the column, which is usually most easily 
achieved by applying a vacuum to pull the solution into the column. Once the column is filled, 
slight pressure is applied to provide a slight outward flow of the coating solution from one end of 





methods include dropping solutions of sodium silicate or taking a small plug of molten paraffin 
wax into the column end, among others. A partial vacuum is then applied to the open end, and 
usually the column is heated. Ideally the solvent evaporate from the column, leaving a uniform 
stationary phase coating, but any trapped air or excessive vacuum can cause bumping, thus 
ejecting the coating solution from the column. 
 
1.2 Etched Silicon Microcolumns 
 Coincidentally, the same year that Dandeneau and Zerenner reported the use of fused 
silica capillaries for GC, Terry and Angell published the first paper in the field of gas 
chromatography microcolumns.9 Their invention of a microcolumn etched into a silicon wafer 
has been the basis of most of the GC microcolumn research condected in the years since. By 
etching patterns into a silicon wafer, columns could be made in a much more compact form than 
even the flexibility of fused silica allows. The goal of much of the research is to be able to make 
GC instruments small enough to be portable and perhaps even entirely handheld devices. In 
recent years there have been several reports about research to improve the design of 
microcolumns,10-19 the development of instruments utilizing microcolumns,20-22 and utilizing 
microcolumns to detect specific analytes.23-29 
 Column channels are etched into a silicon wafer using photolithography. To etch the 
column channel, an anisotropic etching process is usually used, such as deep reactive ion etching 
(DRIE). Since the column is patterned onto the surface of the silicon wafer, the configuration of 
the column channel is limited to a two-dimensional pattern. The two general patterns that 
maintain a compact form are a serpentine configuration (where adjacent straight segments are 





disadvantages, and studies have been conducted to understand which may result in better 
chromatographic separations.30 Both pattern types have been used in numerous studies and 
reports. After the microcolumn channel has been etched the top surface is open and needs to be 
sealed. A common method for sealing the column is to anodically bond the silicon column to a 
piece of Pyrex glass that acts as a lid. 
 Figure 1.3 is a photograph of Terry and Angell’s silicon wafer gas chromatograph 
system. The column portion is in the lower left side of the device. The column is configured in a 
double spiral pattern. This device attempted to incorporate all of the components of gas 
chromatograph on the same wafer, so the other parts are an injector assembly and a detector. 
Many of the GC microcolumn studies also utilize chip-based injectors and detectors, although in 
this thesis I will only focus on microcolumns. The length of the column in Figure 1.3 is about 1.5 
m. Microcolumns are generally much shorter than a conventional GC column. The short length 
of a microcolumn is necessary for maintaining a compact size. An advantage of the short length 
is that analyses performed with a microcolumn will be shorter than for a conventional GC 
column, which is a desirable property in a handheld instrument. The overall separation 
efficiency, however, will also be diminished with a shorter column. Thus, it is important to 
maximize the plate count of a GC microcolumn to make up for its short length. 
 Researchers have tried a variety of methods to maximize the performance of etched 
silicon GC microcolumns. One area of potential loss in separation efficiency is the ends of the 
columns and connections to the rest of the GC. By designing column ends and using connectors 
that minimize dead volume some researchers have reported improvement in plate count. 
Likewise, the method for coating the stationary phase and the phase itself will affect efficiency.31 





have as high as 4000 plates m-1, in comparison to similar dynamically coated columns that only 
had 2000-2500 plates m-1.32 
 As stated before, the small size of a GC microcolumn will limit its capacity for a sample. 
One method for increasing sample capacity in a GC microcolumn is to introduce post-like 
features in the channel.33-35 These columns are referred to as “semipacked.” Like packed 
columns, the post obstructions will contribute some loss of separation efficiency due to the 
formation of eddies, but efforts have been made to minimize this effect by optimizing the 
placement of the posts within the channel.36,37 Another alternative construction technique to 
enhance the separation efficiency and sample capacity of GC microcolumns is to utilize multiple 
parallel capillary channels.38-41 By using multiple high aspect ratio channels, both the separation 
efficiency and sample capacity of a microcolumn can be improved. Crucial to the design of the 
multicapillary microcolumns is the design of the parts of the column that split the inlet gas and 
recombines the streams at the end. If column is not split in a manner which maintains even flow 
over all of the channels there will be peak broadening and the full capacity of the microcolumn 
will be underutilized. Simulations carried out by Yuan and coworkers found that the flow is kept 
even when flow splitters are employed that keep the channels symmetrically arranged at each 
stage of splitting.41 The design they employed split the initial column into eight streams using 
three stages of bifurcations.  
 One other unique method to improve the separation efficiency of a GC microcolumn was 
reported by Hsieh and Kim.42 They produced a microcolumn incorporated with valves and a 
micropump used in sequence to propel a sample injected into the GC through the microcolumn 





length of the microcolumn. This kind of method could conceivably be used with many kinds of 
microcolumns to provide more separating power. 
 Another factor to increase separation efficiency of microcolumns that is of particular 
interest for this thesis is the cross-sectional shape of the microcolumn channel. The nature of the 
etching process and subsequent sealing with glass to produce a silicon microcolumn produces 
columns that have a rectangular channel cross-section. Glass and fused silica capillaries 
traditionally used for GC have circular channel cross-sections. For a given channel cross section, 
a column with a circular channel will have better separation efficiency than a column with a 
rectangular channel. In a qualitative sense, this can be understood by considering that a gas 
molecule traveling in a circular channel will not encounter different possible path lengths in 
relation to the angle of travel with regard to the cross section, while a gas in a rectangular 
channel may encounter the channel wall in a comparatively longer or shorter distance depending 
on the angle due to the corners of the rectangle. Quantitatively, while Equation 1.4 gives an 
estimation of plate height as a function of mobile phase velocity for a column with a circular 
cross section, Equation 1.6 must be used for rectangular columns.43 
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 (Equation 1.6) 
Height and width are given as h and w, respectively; f1 is the Golay-Giddings gas compression 
correction factor;44 and f2 is the Martin-James gas correction factor.5 A thinner rectangle (smaller 
w) will minimize the middle term and thus reduce the plate height; and at high aspect ratio (h>w) 
the h term cancels out of the third term. It is also worth noting that round cross sectional shapes 





 The advantages of a circular column cross section has led some researchers to try to 
develop methods to make microcolumns with such a structure. One method to make circular 
channels is to etch hemispherical channels in to wafers and bond them together, although 
mismatching the alignment is possible.45 Sophisticated etching techniques have also been used to 
etch mostly circular channel buried within a wafer surface, although there is asymmetry at the 
point of etching.45,46 Besides circular channels, other shapes have also been made using various 
etching techniques.47,48 In general, most of the research conducted using silicon GC 
microcolumns uses rectangular channel microcolumns due to the difficulty in producing other 
shapes in comparison to the estabilished etching methods. 
 
1.3 Polymer Microcolumns 
1.3.1 Parylene, PDMS, and 3D Printed Acrylic Microcolumns 
 While the etched silicon GC microcolumn design has predominated GC microcolumn 
research, there are some drawbacks to the technique. The processes to etch a silicon wafer 
require special materials and tools, and the process is relatively expensive. In comparison, if 
polymer molding methods could be used instead, then cost and ease of production might be 
greatly improved. This motivation has driven some research into the development and use of 
polymer GC microcolumns as an alternative to silicon microcolumns or traditional fused silica 
capillaries, although the field currently remains in the nascent stages. 
 Some of the earliest examples of polymer microcolumns utilized polymers of varieous p-
xylene compounds, also called parylenes. Parylene is easily applied in uniform conformal 
coatings using chemical vapor deposition, which makes it a useful material for microcolumns. 





gas permeability, which limits its usefulness as a stationary phase material for GC. Parylene was 
used in a previously mentioned work on making embedded channels in a silicon wafer, where 
parylene C (poly(monochloro p-xylene)) was used to coat the channels and seal the trench 
through which the etching occurred.47 The first parylene column was made using a silicon 
microcolumn as a template.49 Parylene C was deposited on the silicon microcolumn substrate, 
followed by a thin layer of gold and another layer of parylene C before being capped by a 
parylene C-coated Pyrex pane. The silicon was dissolved in KOH (aq) to leave the freestanding 
polymer microcolumn. While the end product is a polymer microcolumn, the method of 
production is even more cumbersome and expensive than for silicon microcolumns. 
 Malainou and coworkers were among the first to report using more traditional polymer 
molding methods to make a GC microcolumn.50 They created a microcolumn mold and cast 
PDMS as the substrate material. The PDMS columns were sealed with a PDMS-coated 
poly(methylmethacrylate) (PMMA) lid that provided some structural rigidity to the flexible 
PDMS. Unlike parylene, PDMS has high gas permeability, which makes it a widely used 
stationary phase material. If it is used as both the stationary phase and column substrate, 
however, the resulting chromatograms will have large broadening and tailing of peaks due to the 
gas sample permeating through the substrate. 
 While the report is for a packed microcolumn rather than a capillary microcolumn, it is 
also worth noting here recent efforts to make 3D printed GC columns. While there are several 
reports of using additive manufacturing to produce liquid chromatography columns,51-53 the 
number of GC columns is fewer. Lucklum and coworkers used stereolithography (SLA) to 
produce spiral and stacked spiral column designs.54,55 The printed designs featured columns with 





threaded connectors. The printed columns were packed with a stationary phase and used in a 
portable ethylene sensing device. By using a high temperature acrylic resin for the substrate, they 
were able to heat the columns during analysis to 65 °C. 
 
1.3.2 Epoxy Microcolumns 
 Previous to the work presented in this thesis, Rankin and Suslick developed disposable 
polymer GC Microcolumns using epoxy as the substrate material.56,57 Similar to the previously 
described PDMS microcolumns, the epoxy GC microcolumns were made by casting the 
microcolumn on a mold. A diagram of process for producing an epoxy microcolumn is shown in 
Figure 1.6a. Unlike the parylene and PDMS columns, photolithography was not used to generate 
the column molds. Rather, the column molds were produced by simply milling the pattern into 
blocks of poly(ether ether ketone) (PEEK) or polychlorotrifluoroethylene (Kel-F). The uncured 
epoxy could be directly cast onto negative Kel-F molds, but adhered too strongly to the PEEK 
molds upon curing to be directly used. However, a positive PEEK mold could be used to create a 
negative PDMS mold, onto which the uncured epoxy could be cast. The epoxy was chosen as a 
substrate material because when initially cures it is still flexible enough to remove from molds 
without damage, and it is also relatively impermeable to the mobile phase when fully cured. 
After the column base is cast, cured, and removed from the mold, a thin layer of epoxy is spread 
over a glass slide that is then adhered to the open side of the microcolumn to seal it. The ends of 
the microcolumn are tapered to accommodate segments of fused silica capillaries that are sealed 
in place with epoxy so the microcolumn can be attached to a GC instrument. The method of 





microcolumn, and likewise this epoxy microcolumns produced have a rectangular channel cross-
section. Microscopic images of the microcolumn channel are shown in Figure 1.6b. 
 Instead of trying to use a polymer to act as both the substrate and stationary phase, as had 
been tried with both the parylene and PDMS microcolumns, Rankin and Suslick recognized the 
need to have a separate, more permeable stationary phase and an impermeable substrate. The 
impermeable epoxy substrate itself does not perform chromatographic separations well. Instead 
of using the dynamic or static coating methods to apply a stationary phase, a stationary phase 
precursor, diethoxydimethylsilane (DEDMS), was mixed with the uncured epoxy prior to casting 
a column in an effort to both form the stationary phase coating and the column substrate in one 
step. It was found that during curing, when the microcolumn was heated to 80 °C, the DEDMS 
polymerized to form a PDMS coating that spontaneously phase segregated to the channel 
surface. Figure 1.7a shows an atomic force microscope (AFM) image taken using tapping mode 
that show how the stationary phase is present on the surface of the microcolumn channel as 
“islands” of material. 
 Two different sizes of DEDMS-doped epoxy microcolumns were tested for the 
separation of a sample of n-alkanes—250 µm by 500 µm and 100 µm by 500 µm; both columns 
were 1 m long. Representative chromatograms of the separations are shown in Figure 1.7b. For 
both columns the separations take less than 5 minutes to complete. The analytes elute more 
quickly from the wider column, as would be expected due to the larger mobile phase volume. 
While the analytes elute more slowly for the thinner microcolumn, the peaks are narrower. This 
difference is shown in the different plate counts for the microcolumns—500 plates m-1 and 1800 
plates m-1 for the 250 µm and 100 µm wide microcolumns, respectively. These results are far 





the method for producing the microcolumns relies on easily obtained, inexpensive materials and 
facile production methods, making these microcolumns inexpensive enough to be disposable. 
 
1.4 Dissertation Overview 
 In Part I of this thesis, the work presented describes progress in making polymer gas 
chromatography microcolumns. This work is a continuation of the efforts previously done in the 
lab to make disposable gas chromatography microcolumns. The focus of the work described here 
is improving the performance of polymer GC microcolumns by developing new methods to 
change the shape of the microcolumn channels, explore the affect of different column 
configurations on the separation performance, and explore different methods to apply the 
stationary phase. In addition, we also explored new methods to produce microcolumns. 
Chapter 2 describes a method for producing epoxy GC microcolumns using a sacrificial 
template for the channel. The use of a sacrificial template fiber allows for the production of a 
column channel that has a circular cross-section, which is the ideal shape for a GC column. A 
variety of potential methods for templating microcolumns are explored. Also, as a departure 
from previous work, a method for applying the stationary phase coating to the sacrificial fiber 
prior to embedding the fiber is developed as a way to potentially apply a more uniform stationary 
phase than the spontaneous phase formed by the incorporation of DEDMS in the uncured epoxy 
prior to casting. 
 In Chapter 3, the work of making GC microcolumns with a sacrificial fiber template is 
continued. The substrate polymer is changed from epoxy to poly(dicyclopentadiene), and the 
process of producing the microcolumns is adjusted for the change. Dynamic coating is used 





microcolumns with different stationary phases. Other column configurations are made, including 
a three-dimensional helical configuration since the sacrificial fiber template method is not 
restricted to planar microcolumn geometry. 
 Chapter 4 presents the production of a gas chromatography microcolumn using 3D 
printing. This work demonstrates that GC microcolumns capable of moderately efficient 
separations can be produced using commercially available fused filament fabrication printers. It 
is shown that, by considering the constraints and limitations of a printer’s operation and 
resolution, microcolumns can be designed and printed without leaks. The 3D printed 
microcolumns were made with planar configurations, and serpentine microcolumns were found 










Figure 1.1 a) A simple diagram showing the basic parts of a typical GC instrument. A GC must 
have a sample injection port, a separation column, and a detector. The column is usually housed 
in an oven so its temperature can be controlled. b) A photograph of the GC used for the 
experiments in this thesis, a HP 5890 Series II. The labeled parts are: 1) the injection port; 2) a 
microcolumn; 3) the column oven space and fan; and 4) a flame ionization detector (FID). c) A 
cartoon showing an analyte peak in a chromatogram. The chromatogram shows detector 
response as a function of time. The retention time of the mobile phase, tm, can be found from an 
unretained peak. The maximum of the analyte peak is used to determine tR. By measuring wh, the 







Figure 1.2 Diagrams of open tubular GC columns. a) and b) are cartoon representations of the 
cross-sections of a rectangular and circular GC column, respectively. The stationary phase is 
present as a thin layer on the walls of the column channel. c) is a cross section of circular column 
along the column axis. In all three drawings some of the important physical parameters of 







Figure 1.3 A photograph of Terry and Angell’s GC device on a silicon wafer. The column 
portion is shown in the bottom left corner. It has a spiral configuration. The apparatus above the 
column is a sample injection system, and the device to the right of the column is part of a 







Figure 1.4 Developments in silicon microcolumns. a) SEM image showing a portion of a spiral 
microcolumn. This image was adapted from ref. 21 with permission. Copyright 2014 Elsevier. b) 
SEM image of the turn of a semi-packed serpentine microcolumn. The straight portions of the of 
the column channel contain posts in a patterned array to increase column capacity. This image 
was adapted from ref. 34 with permission. Copyright 2009 IOP Publishing. c) SEM image 
showing a microcolumn with multiple capillaries as well as the flow splitter at a column end. 
The splitter is consists of three levels of symmetric bifurcations to form eight high aspect ratio 
channels. This image was adapted from ref. 38 with permission. Copyright 2009 IEEE. d) SEM 
image showing the cross-section of a channel formed by joining two silicon wafers with 
semicircular etched channels. It is difficult to fully align the two wafers, resulting in a slight 







Figure 1.5 Polymer GC microcolumns. a) Photographs of parylene microcolumns. The top 
parylene column was made with the polymer alone, while a gold layer was deposited between 
polymer layers for the bottom column to enhance column heating. This image was adapted from 
ref. 49 with permission. Copyright 2002 IEEE. b) Photograph of a PDMS microcolumn. The 
column has been filled with a dyed solution to make the spiral channel more apparent. This 
image was adapted from ref. 50 with permission. Copyright 2008 IOP Publishing. c) Photograph 
of a 3D printed packed GC column. The spiral configuration of the column is visible, and ports 
have been attached to the column ends using the printed threaded ports. This image was adapted 







Figure 1.6 The process for making disposable epoxy microcolumns starts with a) creating a 
mold by machining the column pattern onto a Kel-F block. b) The epoxy is cast onto the mold. 
Once it cures it can be separated. c) The column is sealsed using a thin epoxy film supported on a 
glass slide. d) Fused silica capillary tubing is inserted into the microcolum ends for connection to 
a GC instrument. e) A photograph of a completed epoxy microcolumn. f) SEM image showing 
turns in the serpentine microcolumn channel. g) SEM image showing a cross-sectional view of 
the rectangular column channels. The microcolumn has not yet been sealed, leaving the top of 
the channel open. h) SEM image showing the taper in the end of a microcolumn channel to allow 
for the insertion of a segment of capillary tubing.The images in this figure were adapted from ref. 







Figure 1.7 a) An AFM image taken in tapping mode showing the silicone islands on the surface 
of an epoxy microcolumn channel. The lighter regions correspond to the softer silicone phase, 
while the darker regions are the harder epoxy matrix. b) A chromatogram showing the separation 
of a mixture of alkanes using an epoxy microcolumn with channel dimensions of 250 µm by 500 
µm at room temperature (u=30 cm s-1; F=2.3 mL min-1;. c) A chromatogram showing the 
separation of a mixture of alkanes using an epoxy microcolumn with channel dimensions of 100 
µm by 500 µm at room temperature (u=55 cm s-1; F=1.7 mL min-1). The numbered peaks in b) 
and c) correspond to: 1) n-pentane, 2) n-hexane, 3) n-heptane, 4) n-octane, 5)n-nonane, and 6) n-
decane. The images in this figure were adapted from ref. 56 with permission. Copyright 2015 
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CHAPTER 2: SACRIFICIAL FIBER TEMPLATE FOR EPOXY GAS 




 We developed a method to produce inexpensive polymer gas chromatography 
microcolumns using a sacrificial fiber template to make channels with a circular cross-section. 
Different materials and methods were investigated for the sacrificial fiber, but polylactic acid 
treated with tin(II) oxalate was found to perform the best due to its depolymerization and 
subsequent vaporization at 200 °C under vacuum. Epoxy 1 m long microcolumns with a 
serpentine configuration were produced using the sacrificial fiber method. Methods were 
attempted to apply the stationary phase by coating the sacrificial fiber prior to embedding it in 
the substrate polymer. Microcolumns with a polydimethylsiloxane coating were able to separate 
a mixture of alkanes with plate counts for some peaks as high as 2200 plates m-1; but results were 




Recently, there has been increasing interest in the development of portable gas 
chromatography (GC) systems for use in the field and in the development of disposable 
microfluidic technology.1,2 Conventional GC systems are bulky, have high power consumption, 
                                                
* Adapted from Suslick, K. S.; Hinman, J. J. Polymer Microcolumn for Gas or Vapor Separation, 





and usually have very long analysis times, often in tens of minutes. These factors have largely 
limited the use of GC to a laboratory environment; thus, obtaining immediate results from field 
or environmental samples is difficult. Immediate results are particularly important in situations 
where chemicals that are dangerous to life and health may be present (e.g., in chemical 
workplace monitoring, industrial accidents, and military settings). Additionally, personnel who 
may respond to these situations are not generally trained scientists. Therefore, there is a pressing 
need for a portable instrument capable of real-time gas analysis that can be operated in the field 
by minimally trained first responders.  
 The development of extremely compact GC systems, often called MicroGC (µGC), have 
potential applications in the fields of biomedicine,3 environmental sciences,4-7 and national 
defense.8 Angell and Terry were the first to conceptualize the idea of a microfabricated GC 
system at Stanford University in 1975.9,10 The instrument they initially developed consisted of a 
microcolumn etched into a 5 cm silicon wafer and coated with a thin film stationary phase. The 
resulting device showed poor separation efficiency and the microcolumn was eventually replaced 
with a shortened commercially available fused silica GC capillary column. Since this first study, 
there are a number of national laboratories, universities, and instrumentation companies working 
to develop a portable µGC system. Miniaturized instruments are being developed that follow 
Angell’s and Terry’s original conceptualization, constraining a fused silica or metal capillary 
column to a small area or flat plane.11 However, there are also commercial instruments and 
research prototypes that incorporate microcolumns whose structure is etched in silicon or metal.7-
10,12-25 
  Almost all microcolumns found in recent literature are prepared in a similar fashion to 





etching process (essentially a modified Bösch process),13 high powered lasers,26 or 
photolithography/e-beam lithography (i.e., wet chemical etching).24,27-29 This method produces 
rectangular channels up to 3 m long on a chip about the size of a quarter most commonly 150 µm 
wide and about 240 µm deep.9,24,28,29 The thin film stationary phase can be deposited via either 
static23 or dynamic coating.13 For this coating method the microcolumn is put under vacuum 
during which any defect or leak causes column destruction. The coatings are usually about 100 - 
200 nm thick and general have 4000-6000 theoretical plates/m. Dynamic coating can produce 
films with inconsistent and unpredictable thickness.13 The carrier gas for these experiments is 
often He or dry air, and flow rates are usually less than 1 mL/min.14,23,30,31 
 A number of microcolumns and µGC systems have been reported in the literature. Sandia 
National Labs has designed a GC system an they call the µChemLab.22 Work has also been done 
by Overton at Louisiana State University with Sandia National Lab32 on high aspect ratio nickel 
GC microcolumns that have now been integrated into a commercially available instrument called 
MicroFastGC.13,25 There has been substantial research done by the University of Illinois at 
Urbana-Champaign16-18,33 and the University of Michigan6,13-15,34 on developing prototypes of 
fully integrated µGC systems. Although these are not yet commercially available technologies, 
they show some of the most impressive and promising results of any microcolumns in the 
literature. There are also some recent reports of gas separation and sensing using diffusion based 
microfluidic devices.29 A recent review article31 by Ohira and Toda details current advancements 
in preconcentration techniques, column development, and microdetectors for µGCs. There are a 






 To our knowledge, among the best results obtained with regular open tubular silicon 
wafer GC microcolumns the theoretical plate count is over 4000 plates m-1.34 This column 
performs well above most other columns reported in the literature that are fabricated similarly. In 
fact, a recent article describes a 1 m long coated microcolumn capable of separating only four 
components, and claims this is “expected” due to the extremely short nature of the column.39 
 For columns with rectangular cross-sections, the stationary phases will pool in the 
corners during the coating step, leading to band broadening and poor separation efficiency.40 
Some circular channeled devices have been reported that attempt to solve this problem; however, 
the channel etching steps are more complex in these cases.8,16,18,19 Two general approaches have 
been used to make circular columns. One of these is to etch a semicircular channels into silicon 
wafers and join them together to form a circular channel.19 The other strategy is to etch the entire 
shape deep into a silicon substrate and seal the top.8,16 A recent patent uses a technique similar to 
this where the circular column is formed so that the topmost part of it is tangentially in contact 
with the surface of the wafer, thus allowing for the top flat surface to be sealed while minimizing 
the irregularity of the channel shape. 
 We are aware of only a few reported studies in which an all-polymer microcolumn was 
fabricated and used for gas separation. For a PDMS microcolumn, the maximum separation 
efficiency, N=360 plates, was achieved with a 280 µm by 30 µm by 1 m column at a working 
temperature of 85 °C; the retention times were ~0.9 minutes for benzene and ~2.8 minutes for 
xylene, with substantial tailing observed of the analyte peaks.41 There has also been an attempt to 
make a microcolumn using poly(p-xylene), or parylene, as the column substrate material.42 
Columns were constructed by vapor depositing parylene onto an etched silicon channel template. 





stationary phase. A thin metal layer between parylene layers acts as conduit to heat the column, 
and it also limits the thickness of the stationary phase. Parylene has low gas permeability, 
however, and thus performed poorly for separating gaseous analytes. 
 The most successful example of polymeric microcolumns developed for gas separation is 
our previously reported disposable epoxy microcolumns.43,44 The method for fabricating these 
columns is greatly simplified in comparison to the complex multistep process for making silicon 
microcolumns and incorporates the application of the stationary phase with column fabrication. 
To make the columns, epoxy is cast over a column mold. After curing, the columns are sealed by 
placing a piece of glass with a thin epoxy coating over the open side of the column. Fused silica 
capillary tubing is placed in the column ends to allow for connection to a gas chromatograph. By 
adding diethoxydimethylsilane (DEDMS) to the epoxy precursor before casting the column, the 
stationary phase can be made with the column in the same step. Upon curing, the epoxy 
monomers polymerized to form epoxy thermoset polymer while the DEDMS polymerizes to 
form PDMS. The two polymers phase segregate during the curing process, and the PDMS, 
possessing a lower surface energy, collects at the surface of the column channels. The resulting 
column surface has microscopic regions of PDMS rich phase, forming a structure very similar to 
traditionally coated column channels. This method was used to produce columns with 100 µm x 
500 µm by 1 m channels, and the columns had effective plate counts of 1800 plates, although 
control of the size and coverage of the stationary phase PDMS islands is difficult. 
 With the exception of our previous polymeric columns, there have been no other 
examples of high-performing polymer microcolumns reported. All-PDMS microcolumns suffer 
from the high gas permeability of the substrate material, resulting in high retention, tailing, and 





interact with analyte gases and separate them. It has been shown with our previous columns that 
polymer methods can be used to construct columns that have stationary phase coatings sufficient 
for good separations without using expensive or complicated processes. Building on our previous 
work developing polymer microcolumns, by incorporating the sacrificial fibers technique 
developed by Moore et al.45 and  using polymer swelling to deposit a stationary phase film on the 
sacrificial fibers, as described by Esser-Khan et al.,46 we have developed distinctly new methods 
for inexpensively and simply constructing columns that are not limited to rectangular cross 
sectional geometry and perform efficient gas separations. The polymer substrate simplifies and 
reduces the cost of column production relative to traditional lithographed silicon microcolumns, 
while the sacrificial template production method provides a facile means to produce columns 




Catalyst-treated 300 µm diameter fiber was purchased from CU Aerospace, and untreated 
100 µm diameter fiber was obtained from Biogeneral, Inc. Disperbyk 187 surfactant was 
obtained from Byk. Dow Corning Sylgard 184 was purchased from Ellsworth Adhesives. 3M 
DP-190 epoxy, 3M DP- 125 epoxy, and 3M DP-105 epoxy were purchased from McMaster Carr. 
Diethoxydimethylsilane, trifluoroethanol, anhydrous 1,4-dioxane, n-hexane, n-heptane, n-octane, 
n-nonane, n-decane, and n-undecane were purchased from Sigma Aldrich. Fused silica tubing 







2.3.2 Column Mold Production 
Micromachining was used to fabricate a polyether ether ketone (PEEK) master mold. A 
representative image of the SurfCam CAD/CAM blueprint for the mold is given in Figure 2.1a. 
The mold features a channel 250 µm wide, 500 µm deep, and one meter long in a serpentine 
arrangement. On the PEEK mold this channel is in bas relief. A photograph of the PEEK mold is 
shown in Figure 2.1b. From the PEEK mold, PDMS molds are cast. Dow Sylgard 184 elastomer 
is mixed in the ratio given by the manufacturer instructions and degassed before pouring over a 
PEEK column mold. After degassing a second time, the PDMS is cured at 100 °C for two hours. 
The PDMS molds thus feature a serpentine groove. A photograph of a PDMS mold is shown in 
Figure 2.1c. This groove acts as a shaping guide for the sacrificial fiber as it is encased in epoxy. 
The flexibility of the PDMS mold allows for facile removal of it from the sacrificial fiber and 
epoxy after the epoxy is cured. 
 
2.3.3 PLA Fiber Catalyst Treatment 
The procedure developed by Moore and coworkers was used to incorporate tin(II) oxalate 
into PLA fibers. 45,47 A length of 100 µm diameter fiber (about 5 m long) was wrapped around a 
spool. During wrapping it was necessary to keep a slight amount of slack to prevent the fiber  
from breaking due to any lengthening or contracting during the catalyst incorporation process. 
The spool was placed in a mixture of 18 mL trifluoroethanol, 12 mL deionized water, 15 mL  
Disperbyk 187, and 0.6 g tin(II) oxalate at 37 °C. After soaking for 24 h, the fiber was removed 
and allowed to dry in air before being unwound from the spool. Excess tin(IV) oxalate remaining 





300 µm diameter PLA fiber was purchased from CU Aerospace that was already pretreated with 
a catalyst and used as received. 
 
2.3.4 Polyvinyl alcohol Fiber Template 
PVA thread dissolves when submerged in water. PVA thread was embedded in an epoxy 
substrate in a similar procedure as was used for PLA fiber. When using PVA fiber, two methods 
were used to remove the sacrificial fiber from the polymer substrate: ultrasonic irradiation and 
hydrothermal. For the ultrasonic irradiation method, the epoxy column was submerged in a water 
bath and a 20 kHz ultrasonic probe was placed over the column so that the tip of the probe was 
0.5 cm above the surface of the column. The column was irradiated for about 20 minutes 
delivered in pulses of 5 s with 30-45 s spacing. The probe operated at an intensity of 10 W cm-2. 
For the hydrothermal methods, the column was submerged in water within a pressure vessel and 
sealed. The vessels was heated to 120 °C for 6 h. 
 
2.3.5 Nitrocellulose Fiber Preparation 
Another potential sacrificial template material is nitrocellulose. Nitrocellulose was 
produced from cotton thread. A 3:7 mixture of concentrated HNO3: concentrated H2SO4 was 
prepared by carefully adding the nitric acid to the sulfuric acid while keeping the mixture below 
18 °C. The cotton thread to be nitrated was then added to this cold mixture and allowed to soak 
for 60-90 minutes with occasional stirring. The thread was then removed from the acid and 
washed with cold water three times, followed by three rinses in sodium bicarbonate and another 
three rinses in cold water. Finally, the nitrated thread was washed in ethanol and allowed to dry. 





to embed PLA fiber. To remove the fiber, the thread was ignited from one of the ends sticking 
out from the column substrate. 
 
2.3.6 PLA Fiber Coating 
 A thin layer of PDMS is absorbed into the surface of a PLA fiber using the solvent 
swelling and oligomer trapping method developed by Esser-Kahn.46 This method uses a tertiary 
solution of the oligomer to be entrapped, a solvent to swell the fiber, and a solvent to dissolve the 
oligomer while being a nonsolvent for the fiber; to fill these roles in our study, we are using Dow 
Sylgard 184, 1,4-dioxane, and hexanes, respectively. In a typical coating, a meter of 300 µm 
diameter PLA fiber was threaded through a small PTFE tube. The tube was then filled with a 
coating solution consisting of a mixture of PDMS precursor (Dow Sylgard 184), hexanes, and 
1,4-dioxane, and the fiber was left soaking for one hour. Afterwards, the coating solution was 
drained from the tube, and hexane was added to the tube to rinse the fiber twice. The hexane was 
removed, and the fiber was placed in a 45 °C oven for 4 hours to cure the PDMS layer. The ends 
of the fiber were clipped in place to prevent shrinking as the fiber was mildly heated during 
curing. 
 
2.3.7 Casting the Microcolumn 
The coated PLA fiber was threaded through the grooves of PDMS serpentine column 
mold. Tape was then used to form a barrier around the mold in which to pour the thermoset 
polymer to encase one side of the fiber. As an example, about 4 g 3M DP-190 epoxy monomer 
(total mass, each part is dispensed in a 1/1 volume ratio) was mixed with 1.2 mL 200 proof 





epoxy was chosen for its flexibility and relatively low gas permeability. It is the same epoxy 
used in the manufacture of polymer microcolumns in our previous work. Table 2.1 shows the 
components and approximate composition of the epoxy, as provided by the manufacturer. After 
degassing the epoxy monomer under vacuum, the mold is left to cure at room temperature for 15 
hours. 
Once the epoxy has solidified, the epoxy was removed from the PDMS mold carefully to 
ensure the epoxy does not separate from the PLA fiber. Clear tape was then once again used to 
form a perimeter in order to cast more epoxy and cover the other side PLA fiber, completely 
encasing it. About 4 g DP-190 epoxy monomer was mixed with 1.2 mL 200 proof ethanol and 
poured over the PLA fiber and cured epoxy. After degassing under vacuum, the epoxy was 
allowed to cure for a few hours at room temperature before the column was placed in a 70 °C 
oven for 15 hours. After the column is cured, it was allowed to cool to room temperature. 
 
2.3.8 Fiber Removal 
 The catalyst-treated PLA fiber was depolymerized at 190 °C, and the lactide monomer 
removed from the epoxy as a vapor, thus leaving a hollow channel through the epoxy substrate. 
The cured epoxy column was placed in a stainless steel vessel. The vessel was evacuated and 
heated to 180 °C for 24 hours. The heating was then shut down, and the vessel was allowed to 
cool under vacuum for 3 hours. 
 With the fiber removed, a hollow column channel now runs through the epoxy substrate. 
The column ends were cleaned of any residual fiber material, and the ends were expanded using 
a needle awl to introduce a taper on the ends of the column large enough to insert a 4 cm length 





capillary tubing was then secured with more DP-190 and placed in an oven to cure. The column 
channel is cleaned to remove any residue from the PLA fiber, as well as residual catalyst. Using 
a syringe pump, about 1 mL of 1,4-dioxane was slowly eluted through the column. A similar 
amount of ethanol was then pumped through the column to remove the dioxane, and air was 
streamed through the column to evaporate any remaining wash liquid. Column pressures were 
kept minimal during the washing and drying to prevent breaking the microcolumn. 
 
2.3.9 Column Characterization and Performance 
 The microcolumns were characterized using optical and electron microscopy. Optical 
micrographs were obtained using a Zeiss Axioskop fitted with a Cannon Powershot G2 digital 
camera. The transparency of the epoxy resin allowed for images to be taken of intact column 
channels. For SEM images showing the shape of the microcolumn channel and the nature of the 
channel surface, microcolumns were cut to obtain thin slices, usually cross-sections orthogonal 
to the axis of the channel. The slices were sputter-coated with a thin layer of a gold palladium 
alloy and observed using a Hitachi S-4700 or a Hitachi S-4800 scanning electron microscope. 
Columns were tested using a Hewlett Packard 5890 Series II gas chromatograph with a 
flame ionization detector, as shown in Figure 1.1b. Data from the GC were collected using the 
Chemstation software (Rev. A.10.01). Microcolumns were connected to the GC via the silica 
capillaries using nanoport fittings. Samples were injected manually, and helium was used as the 
carrier gas. The columns were tested by running a variety of analytes, mostly different alkanes. A 
test solution was prepared by combining a mixture of alkanes. Chromatographic data was 






2.4 Results and Discussion 
2.4.1 Fiber Template Materials 
 PLA, PVA, and nitrocellulose threads and fibers were used as possible sacrificial 
templates for GC microcolumns, but only PLA was successfully used to make a channel of 1 m 
or greater in length. The details of using PLA as the sacrificial template comprises the majority 
of this chapter, but I will briefly mention the other materials used. PVA thread dissolves in water 
so it is often used as a sacrificial material in sewing and 3D printing supports. When embedded 
in a polymer substrate the PVA fiber could not be removed just by soaking the microcolumn in 
water at room temperature. The application of ultrasound to the microcolumn was able to remove 
the embedded thread for lengths up to about 10 cm. For longer microcolumns full removal of the 
sacrificial fiber was not possible using the ultrasonic technique. It is worth noting that the 
ultrasonic method caused no visible damage to the substrate and may be a viable method of 
making small, vascularized polymer materials when the substrate material used cannot withstand 
the high temperature conditions necessary for removing a PLA sacrificial fiber. The 
hydrothermal method was also able to remove the PVA from the epoxy substrate with a similar 
effectiveness as the ultrasonic technique, but it also generated bubble-like defects in the epoxy 
substrate. 
 When nitrated cellulose fiber was used as a template, the thread burned rapidly until it 
reached the polymer substrate, where the flame was extinguished. As with the PLA fiber, the 
appeal of this method is the conversion of the solid fiber/thread to vaporous products. Given the 
method used to prepare the nitrated cellulose fibers, the cellulose is likely not completely 
nitrated; thus, the fiber is insufficiently oxygenated to burn within the polymer substrate. Even 





works it would likely leave some residue. Drawing or templating the fiber from collodion 
(dissolved nitrocellulose) may yield better results. As with the PVA thread, the potential 
advantage to a method like this over using the PLA fiber method is that the substrate polymer 
does not need to be subjected high temperatures to remove the fiber. 
 Poly(lactic acid) (PLA) fibers were the most successful sacrificial template for 
production of the column channel in this study. At high temperatures, PLA can depolymerize 
into the dimer lactide, which is sufficiently volatile to be removed as vapor. As demonstrated by 
Moore et al.,45 the temperature at which this depolymerization occurs can be reduced to less than 
200 °C by the incorporation of the catalyst tin(IV) oxalate into an embedded PLA fiber. At 200 
°C under vacuum, a catalyst-treated PLA fiber embedded in an epoxy matrix depolymerizes, and 
forms the channel as the lactide vapor is removed. 
  
2.4.2 Microcolumn Characterization 
A completed fiber-templated microcolumn is shown in Figure 2.2a. The serpentine 
arrangement of the channel is evident in the picture. The silica capillaries are secured on the two 
ends of the column so it can be connected to an instrument. They are cut to a minimum length to 
allow connection but not increase the path length of the gas unnecessarily through a non-
separating material. Figures 2.2b and 2.2c show optical micrographs of 300 µm and 100 µm 
columns. The serpentine turns are shown, as well as some straight column portions. The columns 
appear relatively smooth without column obstructions or wall texturing. Importantly, no bubbles 
are seen in the column channels or the epoxy substrate in Figures 2.2. It was found that bubbles 





casting epoxy over it rather than casting an epoxy channel, fitting the fiber into the epoxy, and 
covering the fiber. 
A representative fiber-templated column was cut to obtain column cross sections for 
analysis with a scanning electron microscope. Two SEM images of the cross section of a 300 µm 
diameter column are shown in Figure 2.3. From these micrographs, the circular cross section of  
the column channel is evident. The micrograph showing a close-up view of one channel shows 
that the channel wall is relatively smooth, as would be expected based on the smooth surface of 
the sacrificial fiber. The column was not cleaned prior to imaging, so there is a small amount of 
residual material present in some of the channels. This is a unique geometry among 
microcolumns, with few reports of circular cross-section channel columns; and those reports of 
circular or nearly circular channels were produced using much more complex methods than our 
fiber template method. 
 
2.4.3 Microcolumn Separation Efficiency 
 The fiber-templated microcolumns were tested for their separation efficiency by 
analyzing their ability to separate alkane samples. The column conditions used for the majority 
of the tests are given in Table 2.2. Results where these conditions were not used will be noted. 
In some of our initial tests, we attempted to coat a PLA fiber with a thin coating of PDMS by 
soaking the fiber in a solution of 33/40/27 PDMS precursor/hexane/1,4-dioxane for one hour. A 
chromatogram of a hexane sample in one of these columns is shown in Figure 2.4a. The column 
retained the hexane, but the chromatogram shows a wide peak with significant tailing. The 
calculated theoretical plate count based on hexane elution is 65 plates m-1. This is indicative that 





of the coating solution components to find the solution that will provide the optimal thickness for 
separation in these columns.  
 Figure 2.4b shows a chromatogram of a column prepared using a 20/60/20 PDMS 
precursor/hexane/1,4-dioxane coating solution to deposit a PDMS layer on the sacrificial PLA  
fiber. We expected this mixture to deposit a thinner coating on the fiber. The alkane samples 
eluted through the column in much more narrow peaks compared to the previous example. The  
figure shows a successful separation of hexane, heptane, octane, and nonane. While the 
separation efficiency of the column in Figure 2.4b is better than in Figure 2.4a, the peaks are still 
relatively wide; the theoretical plate count based on the heptane peak is about 200 plates m-1. As 
is evident in the octane and nonane peaks, part of the peak widening in Figure 2.4b is due to peak 
fronting. This is indicative that the column is overloaded, likely due to a thinner stationary phase 
thickness and thus a lower sample capacity, but the amount of sample injected onto the column is 
too high for the more thinly coated column. We adjusted the split ratio and reduced the sample 
volume injected in order to improve the chromatographic separations. 
In addition to coating the columns by depositing a PDMS film on the sacrificial fiber, we 
also have attempted to repeat the in situ stationary phase formation we previously used through 
the incorporation of diethoxydimethylsilane (DEDMS) into the epoxy. In this method, DEDMS 
spontaneously forms islands of PDMS at the channel walls of an epoxy microcolumn through 
phase separation.  
 Interestingly, as shown in Figure 2.5, a 10% DEDMS column was able to separate alkane 
mixture samples despite the fiber not being coated before use. The top of Table 2.3 shows the 
theoretical plate counts calculated from each peak taken from the chromatogram in Figure 2.5. 





broaden rapidly for later eluting species, however, resulting in much poorer separation. Part of 
this effect is likely due to the fact that the columns are still overloaded with sample, as well as 
condensation on the column. 
To address the possibility of sample overloading, we reduced our sample injection further 
to inject the headspace vapor of an alkane mixture comprised of heptane, octane, nonane, decane, 
and undecane in proportions calculated to give equal partial pressures of vapor in the headspace. 
As shown in the middle of Table 2.3, the reduced sample did improve the plate counts of the 
sample peaks slightly, although the excess broadening of later peaks still persists, and the later 
peaks show more obvious tailing effects.  
 
2.4.4 Temperature Effects on Separation Efficiency 
 We have also evaluated the effect of column temperature on the separation efficiency. 
Figure 2.6 shows the chromatograms of a 10% DEDMS column that separating a sample of 
alkanes at different temperatures. At as low of a temperature as 35 °C some of the peaks became 
unresolved, but at 30 °C the separation efficiency is improved, as shown in the bottom part of 
Table 2.3. The plate counts for the earliest eluting species are similar or greater than our 
previously reported polymer microcolumns, and much greater than any other polymer 
microcolumn reported. While the peak broadening of later eluting species remains a challenge, 
these columns show potential for efficient separations. 
 At temperatures approaching 100 °C, however, the performance of the epoxy 
microcolumn greatly diminishes.  The analytes tested are no longer resolved, as they all elute 
much more quickly. Longer alkanes may still be separable at high temperature, but the tailing 





the microcolumn at high temperatures. These features on the chromatogram seem to indicate an 
unfavorable behavior of the substrate epoxy material at higher temperature. Components of the 
epoxy resin may not be stable at high temperature. Furthermore, the presence of a variety of 
different functional groups in the components of the epoxy, such as alcohol groups and amine 
groups, can lead to unintended interactions between the analytes and the microcolumn substrate. 




 We have demonstrated that a sacrificial fiber can be used to construct an inexpensive yet 
high-performing gas chromatography microcolumn with circular column geometry. Previous to 
this work, almost all GC microcolumns were constructed with rectangular column geometry. 
Traditional gas chromatography used stationary phase-lined silica capillary tubing with circular 
geometry because it provides the most uniform path for an analyte plug traveling through the 
column, thus the effects of the corners on stationary phase pooling during coating and on gas 
flow during chromatographic separations. For most reported microcolumns, circular geometry 
has not been feasible. Silicon-based microcolumns already require multi-step lithography 
processes to create microcolumns with rectangular geometry. Even more complex processes are 
needed to etch circular column channels, and these processes introduce their own challenges, 
such as sealing a deeply etched channel or properly aligning two hemispherical channel halves 
precisely. Even our previous example of microcolumns featured rectangular column channels 





requires very few steps and no special techniques, lithographic instrumentation, or skills as are 
required for lithography. 
 These fiber-templated columns are among only a few examples of inexpensive polymer 
microcolumns, with our previous polymer microcolumns being the most successful example of 
polymer microcolumns able to analyze complex gas mixtures. As with those columns, we are 
using methods that are adaptable to a variety of different polymers, are easily scalable, and can 
be used with molds of different types and shapes. In addition, as this method relies on a fiber to 
template the column, it is not limited even to two-dimensional geometry but can rather be 
arbitrarily arranged in any three-dimensional shape desired. 
 The ability to coat the fiber with the stationary phase prior to embedding it in the polymer 
substrate is another feature of this method that is unique and advantageous. Fibers can be easily 
coated with either the fiber swelling technique we are using or possibly a different polymer 
coating technique, highly uniform coatings could be applied to fibers using scalable techniques 
rather than having to individually coat the channel walls of each microcolumn after it is 
produced, although these results were not realized in this work. 
 The sacrificial fiber-templated microcolumns presented in this work are unique among 
microcolumns for their cross section geometry and coating method. All of the methods used to 
construct these columns are simple and inexpensive. These microcolumns already show the 
potential to match or exceed the separation performance of our previous polymer microcolumns, 
and in doing so approach the separation efficiency of the best microcolumns currently available. 
The inexpensive and facile production of these microcolumns will aid in the development of 
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Chemical Species A B 
4-4-(1-methylethylidene)biscyclo-hexanol with (chloromethyl) oxirane - 30-40 
Poly(bisphenol A-co-epichlorohydrin) - 60-70 
Aliphatic polymer diamine 
C-18 unsatd, dimers, polymers w/ 4,7,10-trioxatridecane-1,13-diamine 70-90 - 
4,7,10-trioxatridecane-1,13-diamine 10-30 - 
Calcium trifluoromethanesulfonate 1-5 - 
Toluene <=0.98 - 
 






Split Ratio 100:1 
Flow Rate 1.5-2 mL min-1 
Column Head Pressure 7 kPa 
Linear velocity u 15-40 cm s-1 
Injection port temperature 250 °C 
Column temperature 25 °C 
FID temperature 300 °C 
Injection volume 0.05-0.5 µL 
 































Figure 2.1 Molds for preparing fiber-templated polymer microcolumns. a) SurfCam image of the 
pattern machined into PEEK to make the reusable plastic mold. The mold in this image has a 250 
µm x 450 µm x 1m serpentine channel design. b) A photograph of the reusable PEEK mold 
whose design was shown in 1a. The mold block is 3.5 x by 8.5 cm. c) A photograph of a PDMS 







Figure 2.2 a) Photograph of a fiber-templated microcolumn. b) Optical micrographs of a 300 µm 
diameter microcolumn. c) Optical micrographs of a 100 µm diameter column. Both columns 







Figure 2.3 SEM image of a cross-sectional slice of a fiber-templated GC microcolumn showing 








Figure 2.4 a) Chromatogram of the elution of hexane through a column prepared with a fiber 
soaked in a 33/40/27 PDMS precursor/hexane/1,4-dioxane coating solution for one hour. The 
chromatogram was obtained using a 200:1 split ratio with a column flow rate of 3 mL min-1. The 
peak is broad with tailing, indicating the stationary phase is too thick. b) Chromatogram of the 
elution of an alkane mixture through a column prepared with a fiber soaked in a 20/60/20 PDMS 
precursor/hexane/1,4-dioxane coating solution for one hour. The column split ratio was 200:1 
and the flow rate was 2 mL min-1. The peaks labeled are 1) hexane, 2) heptane, 3) octane, and 4) 








Figure 2.5 Chromatogram of the elution of an alkane mixture through a column prepared with a 
10% DEDMS in the DP-190 epoxy and an uncoated fiber. The initial peaks are narrow, but 
broaden greatly with later eluting species. The decane and undecane peaks show some fronting, 
indicative that the column is still overloaded with sample. The peak labels correspond to 1) 







Figure 2.6 A series of chromatograms showing the effect of temperature on the elution of an 
alkane mixture through a 300 µm column prepared with 10% DEDMS in DP-190 epoxy and an 
uncoated fiber at a) 25 °C, b) 30 °C, c) 35 °C, d) 40 °C, e) 50 °C, and f) 70 °C. As the 
temperature increases the peaks become less broad, but even at 35 °C the initial peaks are too 
close together to resolve. However, above 70 °C the peaks start to broaden. Also, not shown f) is 
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CHAPTER 3: POLYDICYCLOPENTADIENE GAS CHROMATOGRAPHY 
MICROCOLUMNS PREPARED WITH A SACRIFICIAL FIBER 
TEMPLATE 
3.1. Abstract 
 Inexpensive, polymer substrate gas chromatography microcolumns were produced using 
a sacrificial fiber template to create a microcolumn channel with a circular cross section. A 
polylactic acid fiber treated with tin(II) oxalate was embedded in a polymer substrate and 
subsequently removed under vacuum at 190 °C, leaving a 1 m long capillary channel. 
Poly(dicyclopentadiene) was found to be a good substrate material due to its low volatility, high 
temperature tolerance, and relatively inert and gas impermeable properties. The use of a 
sacrificial fiber to template the microcolumn channel allowed for various two-dimensional and 
three-dimensional configurations to be used. Helical microcolumns with a 300 µm diameter 
dynamically coated with OV-101 were able to separate a mixture of alkanes with a separation 
efficiency as high as 2300 plates m-1. 
 
3.2 Introduction 
Gas chromatography (GC) is a powerful tool for analyzing volatile samples, but traditional GC 
instruments are confined to laboratory use, due in large part to their bulk. The need to analyze 
volatile samples outside the laboratory and in real time has spurred the development of portable 
GC devices. Portable GC devices have already found commercial use in industrial and 
environmental applications, and there are ongoing efforts to further miniaturize the various 





 The first GC microcolumn was developed by Terry and Angell, who used 
photolithography to etch a channel into a silicon wafer. 1-3 Since the invention of the silicon GC 
microcolumn, other researchers have continued to improve upon microcolumn designs and 
incorporate silicon GC microcolumns into portable GC instruments. 4-23 The silicon chip-based 
GC microcolumns differ from traditional silica capillary columns in a number of ways. First, the 
photolithographed columns can be made in very compact patterns, making them much smaller 
than a coil of silica capillary tubing. Second, GC microcolumns are usually much shorter in 
length than a traditional GC column. The shorter length of a microcolumn gives it less resolving 
ability than a traditional GC column, but the smaller size and shorter analysis time granted by the 
shorter column may be desirable in a portable device collecting data in the field. 
 While silicon GC microcolumns have led been extensively studied and used, 
photolithography is an expensive and time-consuming process. There has been limited research 
into alternative materials and methods for producing GC microcolumns. 24-27 Our group 
previously developed an alterantive disposable GC microcolumn using a polymer substrate 
rather than a silicon wafer. 28,29 Instead of relying on photolithographic techniques, the polymer 
GC microcolumn can be made using simple polymer molding and processing techniques. The 
polymer columns can be cast from a mold rather than etching the channel out of the substrate. 
Additionally, rather than applying the stationary phase after the column channel is created, we 
were able to use polymer phase separation to produce a thin stationary phase coating during the 
casting and curing of the column substrate. Using a polymer substrate, we demonstrated that 
functional GC microcolumns can be produced using fewer steps and much simpler techniques. 
 We have continued to improve the design and performance of polymer GC 





Much like the most common photolithographic method to make silicon GC microcolumns, our 
molded polymer columns were produced with a rectangular channel cross-section, whereas a 
circular cross-section is the ideal shape to produce columns with the highest separation 
efficiency. There are reports of silicon GC microcolumns with various cross-sectional 
geometries, including circular or nearly circular geometry, but these columns required advanced 
etching techniques or having to align multiple pieces. In contrast to these methods, a GC 
microcolumn with a circular channel cross-section can be easily produced using a polymer 
substrate and a sacrificial channel template. 
 In this paper we report the development of a disposable polymer GC microcolumn with a 
circular channel cross-section using a sacrificial fiber template. We also report the performance 




Proxima HPR 2029 polydicyclopentadiene thermoset resin and Proxima CT 762 catalyst 
hardener were purchased from Materia. VascTech 300 µm diameter catalyst-treated polylactic 
acid fiber was purchased from CU Aerospace. 3M Scotchweld DP105, 3M Scotchweld DP125, 
and 3M Scotchweld DP190 were purchased from McMaster-Carr. Silica capillary tubing (FS-
115, 360 µm outside diameter, 150 µm inside diameter) was purchased from Fisher Scientific. N-
pentane, n-hexane, n-heptane, and n-octane were purchased from Sigma-Aldrich and used as 
received. Chromatograms were obtained using a Hewlett-Packard 5890 Series II gas 






3.3.2 Column Production 
A cartoon showing the general process to make a microcolumn is shown in Figure 3.1. 
The columns were produced primarily in two different shapes—a two-dimensional serpentine 
design or a three-dimensional helical design. VascTech PLA fiber with a 300 µm diameter was 
used as the template for a circular cross-section column channel. The fiber is pretreated with a tin 
catalyst to vaporize under vacuum at elevated temperature. For the serpentine columns, an epoxy 
serpentine mold was used as an aid to hold the sacrificial fiber in the intended shape. With the 
mold prepared, 4.0 g HPR 2029 resin was mixed with 80 µL CT 762 catalyst. The mold was then 
placed under vacuum for 5 minutes to remove air bubbles and transferred to a 40 °C oven to cure 
for 4 hours. Once the resin had cured, the epoxy mold was removed with care to ensure the fiber 
remained adhered to the polyolefin substrate. Clear tape was used to form walls around the cured 
polyolefin, and another 4.0 g HPR 2029 was mixed with 80 µL CT 762 and added to completely 
cover the PLA fiber. The resin was once again degassed under vacuum before placing in an oven 
to cure as described before. 
 The cured polyolefin column was then placed in a vacuum oven at 190 °C for 24 hours to 
vaporize and remove the sacrificial fiber. A small awl was used to flange the ends of the channel, 
and 2.5 cm segments of fused silica tubing were adhered to the flanged column ends using an 
epoxy adhesive. The column is then submerged in water with air flowing through it to check for 
leaks. To remove any residue from the sacrificial fiber, about 5 mL acetone was eluted through 
the column, followed by an hour of a flowing air stream to remove remaining acetone. 
 The process to make a helical column is similar to the process for making serpentine 
columns. The sacrificial fiber is wrapped around a threaded cylindrical epoxy mold. With the 





threaded cylindrical epoxy mold is made to be removed in pieces, and a small amount of epoxy 
can be added to the inside of the polyolefin ring as needed to fully cover the sacrificial fiber. For 
each casting step the polyolefin is degassed and cured as described above. Silica capillaries are 
attached to the column ends and the column is cleaned of residue as described for serpentine 
columns. 
 
3.3.3 Dynamic Coating 
To apply a stationary phase on a column, the dynamic coating method was used. Coating 
solutions were prepared ranging in concentration of 5-50 wt% OV-101 in hexane. The coating 
solution was injected into the column until abut 10% of the length of the column was filled, then 
the plug was eluted through the column at a speed ranging from 1-10 mm/s. A syringe pump was 
used for this purpose to ensure the plug moved through the column at a consistent speed. After 
eluting through the column, the syringe pump continued to convey air slowly through the column 
for 1 hour. Then the column was transferred to a slightly faster air stream (1 mL/min) for 6 hours 
to remove any remaining solvent. 
 
3.3.4 Analysis 
The structure of the column was observed using scanning electron microscopy. Thin 
slices were cut from a column and sputter-coated with a gold-palladium alloy. SEM images were 
taken with a Hitachi S-4800 SEM operating at 10 kV accelerating voltage and 10 µA current. 
 To test the chromatographic ability of the GC microcolumns, they were connected to a 
Hewlett-Packard 5890 Series II gas chromatograph via silica capillary tubes 15 cm long leading 





helium. The mobile phase flow rate is set to 1.0 mL/min. A split ratio of 100:1 was used for 
sample injections. The test sample was a solution of n-alkanes from pentane to octane mixed in 
proportions to have approximately equal vapor pressure. 100-200 µL of the vapor above the 
solution was sampled for a GC run. The data was collected using the Chemstation (Rev. A. 
10.01) software package. Chromatograms were processed and analyzed using Origin Pro. 
 
3.3.5 Static Coating 
A dilute coating solution of OV-101 in octane was prepared. A typical concentration was 
5 mg/mL. The solution was degassed under vacuum before being injected into a column. Once 
the column was completely filled with the solution and no bubbles were present, the column was 
place under partial vacuum for 12 hours to remove the solvent. 
 
3.3.6 Fiber Coating 
One possible method to apply the stationary phase to the column channel is to apply the 
stationary phase as a thin layer on the sacrificial fiber prior to its embedment in the polyolefin 
substrate. We used a modified procedure based on the method of applying thin conformal 
polymer coatings developed by Esser-Kahn et al. A 1 m segment of the sacrificial PLA fiber was 
threaded through a thin polytetrafluoroethylene tube such that the ends of the fiber were secured 
at the ends of the tube. A mixture of PDMS, hexane, and 1,4-dioxane was prepared and 
transferred into the PTFE tube with the PLA fiber. The fiber was soaked with the solution for 1 
hour before the solution was removed and the PTFE tube was filled with hexane to rinse the 





hours to dry and cure the thin polymer coating. The coated PLA fibers could then be used to 
make a column. 
 
3.4 Results and Discussion 
 The shape of a microcolumn channel affects its ability to separate a sample of analytes. 
For a given channel area, a circular channel cross-section will have the best separation 
efficiency. Previous reports of efforts to make microcolumns with circular cross-sections were 
limited by the lithographic process, and thus made columns with nearly circular geometry or 
produced two semicircular pieces which then had to be aligned together. If we were to make a 
polymer microcolumn by casting into a mold, as we had done in our previously reported work, 
we would run into similar challenges. Thus, we decided to make microcolumn channels by 
casting the polymer substrate around a sacrificial template. 
 Among the possible options for a sacrificial material, we chose PLA fiber. Moore et al. 
have been developing a technique to use PLA in the production of microvascular polymers. 30,31 
They found that if PLA is treated with a tin catalyst, such as tin(II) oxalate, the PLA will 
depolymerize to dilactide at 200 °C under vacuum. In these conditions, the dilactide is a vapor. 
This conversion of the solid template material to a gaseous product works well for making a GC 
microcolumn, where the template material needs to be removed from a long, thin channel. In 
comparison, attempts at making microcolumns by embedding a polyvinylalcohol fiber could 
only be cleared for short channel lengths (<10 cm length). For 1 m microcolulmns, only a few 
centimeters on either end could be cleared. 
Initially, epoxy resin was used to cast the polymer substrate. In our previous report we 





Epoxy can also be used to encase a sacrificial fiber, although the epoxy we used became slightly 
discolored after heating to vaporize the sacrificial template. An epoxy formulated for higher 
temperatures may perform better. Not only is it important for the polymer substrate to withstand 
elevated temperatures, but the polymer substrate should also ideally be chemically inert so it 
does not interact with potential analytes. Considering an epoxy substrate, the polymer contains a 
variety of functional groups, including amine and hydroxyl groups that could interact with 
analytes and complicate the chromatographic separation. Thus, in considering different substrate 
polymer materials, we opted to switched to a thermoset polyolefin. HPR 2029, obtained from 
Materia, Inc., is a mixture of polydicyclopentadiene and polytricyclopentadiene. It is cured via 
ring opening metathesis polymerization using Grubbs’ catalyst. The resulting polymer is 
temperature stable both for the vaporization of the sacrificial template and the operation of the 
GC microcolumn at up to 100 °C. Also, the material is relatively inert since the material does not 
contain polar functional groups. 
The use of the thermoset polyolefin material for casting microcolumn substrates required 
some modification of the process for making the microcolumns. For epoxy microcolumns, we 
had previously been using a positive polychlorotrifuloroethylene or poly ether ether ketone 
master mold to produce negative PDMS molds onto which the sacrificial fiber could be arranged 
and the epoxy substrate cast. PDMS molds were used because their flexibility allowed for the 
sacrificial fiber to be securely placed, and the flexible mold was easily removed from a cured 
epoxy microcolumn without disturbing the placement of the sacrificial fiber. The polyolefin 
monomer, however, is soluble within and swells PDMS. Thus, PDMS is not a suitable mold 





is also unaffected by the polyolefin monomer, so it was used as a mold for PDCPD 
microcolumns. 
Photographs of representative microcolumns are shown in Figure 3.2. Columns have 
been made in both a two-dimensional serpentine configuration, as well as a three-dimensional 
helical configuration. The serpentine configuration is similar to our previous polymer 
microcolumns. The use of a fiber template for the column channel, however, allows for making 
columns of any arbitrary shape in two or three dimensions. In the case of either the serpentine or 
helical columns, usually two pours of the substrate monomer were necessary to ensure the 
sacrificial fiber was covered completely on all sides. 
Figure 3.3 gives a closer look at the microcolumn channels. Figure 3.3a shows the 
channel of a serpentine microcolumn. The radial cross-section of a microcolumn, given in Figure 
3.3b, shows the circular geometry of the channel cross-section. Microcolumns were visually 
inspected for defects, but generally this procedure produces channels free of air pockets, and the 
channel wall is formed by the sacrificial fiber. Figures 3.3a and 3.3b do show some texture on 
the channel wall. Some of the texture is attributable to the sacrificial fiber, which has striations 
along its length that are comparable to some of the features of the channel wall in Figure 3.3a 
and Figure 3.4c. Another source of surface roughness on the channel wall is residue from the 
fiber removal. The PLA fiber vaporization leaves behind some residue. The column channel is 
flushed with solvent to dissolve away any remaining fiber material, but this may not completely 
wash away parts of the fiber, such as the insoluble tin catalyst. 
To identify potential residue on the channel surface, energy-dispersive X-ray 
spectroscopy (EDS) was used to analyze the channel surface of a polyolefin microcolumn. 





where an EDS analysis was performed on the surface of the column channel, and the tin Lα peak 
indicates the presence of residual tin on the surface of the column channel. After washing a 
column with acid and solvent to clean fiber residue, Figure 3.4d shows an EDS spectrum of the 
the labeled section of the inset SEM image. The acid has effectively removed the presence of tin 
from the channel surface. The presence of tin and oxygen is consistent with the catalyst used to 
facilitate the vaporization of the fiber. Washing the channel with water or solvents does not 
remove the residue. Washing the microcolumn channel with acid was found to remove the 
catalyst residue, with greater acid concentrations being more effective. Figure 3.4a and c shows 
optical micrographs of a column channel before and after it has been washed with 1 M HCl, 
respectively. The smaller rough features of the channel surface are removed, while the striations 
remain. 
Unlike our previous work,28 the stationary phase precursor is not included in the substrate 
monomer to form with the curing of the microcolumn. Instead, the stationary phase must be 
applied to the microcolumn similar to silicon microcolumns. Thus, dynamic32 or static33 coating 
can be used to apply a stationary phase. Another possible method of coating the microcolumn we 
considered was to apply the stationary phase as a thin coating on the sacrificial fiber prior to 
embedding it in the substrate polymer.34 Of the methods we tried, dynamic coating has yielded 
columns with the best separation performance. 
In consideration of the ease of producing the columns, being able to coat the sacrificial 
fiber with the stationary phase prior embedding it in the polymer substrate may be easier than 
using a traditional coating method, provided a consistent layer can be applied. As described in 
the previous chapter, we used both the Esser-Kahn method for applying a thin conformational 





solution. The columns produced using fibers coated with both methods had lower plate counts 
than the dynamically coated columns, and the peaks showed tailing. These results indicate that 
the stationary phase coatings are inconsistent. The inconsistency may lie partly in the coating 
methods used, as well as possible insufficiencies of the laboratory-scale apparatuses for coating 
long fiber lengths. Some of the poor column performance may also be due to the fiber residue 
covering the stationary phase or the removal of stationary phase material when washing the 
channel. 
While our attempts at using a fiber coating method yielded limited results with epoxy 
microcolumns, more problems were encountered when trying this method with PDCPD 
microcolumns. Upon switching to PDCPD as the substrate polymer, we did initially try the fiber 
coating method, but it was observed that microcolumns made with coated fibers cured differently 
than microcolumns with bare fibers. There was an increase in defects around the sacrificial fiber, 
particularly at the turns. These defects may in part be attributable to the interaction of the 
uncured substrate material with the thin silicone stationary phase layer on the fiber. 
Between dynamic and static coating methods, static coating is preferred for its ability to 
produce more uniform stationary phase films than dynamic coating, and static coating allows for 
greater quantitative control over the amount and thickness of the stationary phase applied. In 
practice, however, static coating is a more difficult technique to use. Two of the most significant 
areas of difficulty with static coating are sealing one end of the column without allowing any air 
to be trapped or flow into the channel and preventing bumping during removal of the solvent. 
When we attempted to use static coating, we prepared coating solutions using filtered solvents 
and removed dissolved gases buy sonicating solutions under a slight vacuum. When solutions 





rubber septum. While only a slight vacuum was applied, we were not able to consistently prevent 
bumping or produce consistently coated microcolumns. 
Due to our inability to reliably static coat microcolumns, we used dynamic coating 
instead. Solutions of OV-101 in hexane were used to coat the microcolumns. We chose the 
stationary phase and the n-alkane analytes in order to compare the performance of the sacrificial 
templated microcolumns with our previous molded polymer microcolumns. When dynamically 
coating the microcolumns, it was found that faster speed did not yield better coating, so we used 
near the minimum plug speed our system would allow. The concentration of OV-101 was varied 
to obtain different coating thicknesses. For the serpentine polyolefin microcolumns a 40% OV-
101 solution produced columns with the highest theoretical plate count. A chromatogram of the 
separation of an alkane mixture is shown in Figure 3.5a using a serpentine microcolumn 
dynamically coated using a 40% OV-101 solution as described. The pentane, hexane, heptane, 
and octane in the mixture are all clearly resolved. The highest theoretical plate count achieved 
for the serpentine microcolumns was 1300 m-1. A Van Deemter plot for the serpentine 
microcolumn is shown in Figure 3.5c as the black squares, and the smallest plate height is 
obtained between ū=30-35 cm s-1. The modest separation performance of the serpentine 
microcolumns prompted us to search for possible problems that could hinder a chromatographic 
separation. 
One problem observed with the serpentine microcolumns is inconsistencies at the column 
turns. The column turns are formed by folding the sacrificial fiber, and this process does not 
always produce turns of the same shape or radius. In addition, if the polymer substrate is 
insufficiently cured, heating the column can cause the fiber to contract and elongate the turn. 





curing temperature and time on the elongation of the channel turns, we found that the ratio of the 
channel width at the turn to the channel width at a straight section of the column was greater than 
one for microcolumns allowed to cure less than 3 days at room temperature before being placed 
in a 35 °C curing oven. While the turn elongation is easily prevented, the other shape 
irregularities suggest the compact serpentine configuration may not be ideal with the sacrificial 
fiber. Modifying the column for wider turns may help with column consistency, but this would 
make the microcolumn less compact. Another option is to change the configuration of the 
microcolumn. 
For two-dimensional microcolumns, serpentine or spiral configurations are mostly used. 
By using a sacrificial fiber to template the microcolumn channel, the configuration does not need 
to be limited to two-dimensional configuration, so we chose to use a helical design. The helical 
microcolumn configuration eliminates the sharp turns of the serpentine design. Unlike a spiral, 
the helical configuration we used maintains a diameter of 3 cm that minimizes racetrack effects 
while maintaining a compact size. The center of the helix was made hollow to keep the amount 
of substrate material around the channel thin for efficient heating. 
Besides the change in configuration, the helical microcolumns were produced using the 
same procedure as the serpentine microcolumns. The stationary phase was applied using the 
dynamic coating method. In contrast to the serpentine columns, the best performing stationary 
phase was obtained when using a 15% OV-101 solution in hexane for the dynamic coating 
process. Testing the performance of the helical microcolumns showed that they outperform the 
serpentine microcolumns. Figure 3.5b shows a chromatogram of an alkane solution separated 
using a helical column dynamically coated using a 15% OV-101 solution. In comparison to 





Deemter plot for a helical microcolumn. Figure 3.5c provides a direct comparison of the plate 
height of the serpentine and helical microcolumns, showing the improvement gained through 
changing the column geometry. The maximum plate count of the helical microcolumns was 2300 
m-1, an improvement over both the serpentine microcolumns described in this paper, as well as 
our initial polymer microcolumns. 
The increased separation efficiency gained by changing to a helical configuration can be 
attributed to an increased uniformity of the microcolumn channel. All along the column length, 
the channel maintains a circular cross-section, and there are no points of channel elongation. 
Also, during a chromatographic separation the tight turns of the serpentine column introduce 
band broadening through the racetrack effect, whereas the helical configuration reduces this 
problem. 
The ability of the microcolumn to withstand increased temperatures is shown in Figure 
3.6. A microcolumn was heated to 80 °C and 100 °C and a mixture of alkanes was injected for 
separation. As the chromatograms show, at both temperatures the microcolumn was able to 
separate the analytes. There was minimal elevation in the baseline observed by the detector 
indicating that the polymer substrate does not bleed volatile materials at the temperatures tested. 
Additionally, the performance of the microcolumn was not diminished after cooling, indicating it 
is robust against temperature ramping 
In addition to the separation of alkanes using a PDMS stationary phase, it is important to 
demonstrate that other types of analytes can be separated with the microcolumns and other 
stationary phases can be applied to the channel surface. Figure 3.7a shows a chromatogram of 
the separation of a mixture of ketones using a helical microcolumn coated with OV-101. The 





separation is 1600 plates m-1. Polysiloxane stationary phases like OV-101 interact with analytes 
primarily by dispersion forces and can be used for a variety of different types of analytes, 
although better separations may be attainable using stationary phases with more specific 
interactions. 
Because the stationary phase is being applied using a general method like dynamic 
coating, in principle any stationary phase can be used. In addition to OV-101, we also tried to 
coat a microcolumn with Carbowax 20M, a polyethylene glycol stationary phase with an average 
molecular weight of 20 000 g mol-1. When using static or dynamic coating on a polymer 
microcolumn, it is important to consider the compatibility of the substrate polymer with coating 
solution solvent. For a variety of stationary phases coating fused silica capillaries, 
dichloromethane is the solvent of choice; however, for both the epoxy and PDCPD substrates 
used in our work dichloromethane swells the polymers. During coating this can cause unwanted 
effects to the coating as well as causing the capillary channel to swell closed. Carbowax 20M is 
also very soluble in water and soluble in methanol up to about 6 wt%. Water is a poor solvent for 
coating PDCPD channels due to the fact that it beads up rather than leaving a film on the channel 
surface. As is shown in Figure 3.7b, a column dynamically coated using a 15% Carbowax 20M 
solution in water and tested for the separation of a mixture of alcohols does not perform well.. 
The chromatogram in Figure 3.7b is only slightly better than an uncoated microcolumn, where 
the samples elute quickly as a broad, tailed peak. There is likely very little stationary phase 
present on the channel walls, and the stationary phase that was applied is likely not evenly 
distributed.. A more suitable coating solution solvent could improve the application of the 
stationary phase. Likewise, static coating may be a better method for coating polymer 





compatibility. As with traditional capillary columns, the surface of the microcolumn channel 
probably needs to be treated to improve the cohesion between the channel surface and the 
stationary phase material. 
The performance of sacrificial fiber template polymer microcolumns may possibly be 
improved using different coating methods, such as static coating. Similarly, 300 µm diameter 
PLA was used because it was the smallest diameter fiber available that was treated for 
vaporization, but a smaller diameter fiber may also increase plate count. Regarding the types of 
samples that can be analyzed using polymer microcolumns, the compatibility of the polymer and 
the analyte is an important consideration. For example, toluene swells the PDCPD substrate 
polymer, which would interfere with separation of toluene-containing samples. Different 
substrate materials may have properties that make them more suitable for specific analytes, or 
improve other properties relevant to their use in the GC microcolumn. 
 
3.5 Conclusions 
We have developed a method to make polymer gas chromatography microcolumns with a 
circular channel cross section using a sacrificial fiber as a channel template. PLA fiber treated 
with tin oxalate was used as the sacrificial fiber material because it can be depolymerized and 
removed as a vapor under vacuum at 190 °C. Both epoxy and PDCPD were used as column 
substrate materials, but the relative inertness and higher temperature tolerance of PDCPD made it 
a better column material. The use of a sacrificial fiber template allowed for 3-dimensional 
column configurations, a departure from previous microcolumn literature. A helically configured 







This work was carried out in part in the Frederick Seitz Materials Research Laboratory 








Figure 3.1 A cartoon showing the general procedure for making a GC microcolumn using a 
sacrificial fiber. Microcolumns can be made in any arbitrary shape, and both a 2D (top) and 3D 
(bottom) example are shown. The sacrificial PLA fiber is a) placed in a mold, then b) the 
substrate polymer is cast to encase  the fiber. c) The fiber is evacuated from the substrate, leaving 
a channel, and fused silica capillaries are placed on the channel ends  to connect the 







Figure 3.2 Photographs showing a) a serpentine and b) a helical column produced using a 







Figure 3.3 a) Optical micrograph showing a small segment of the channel formed from the 
sacrificial fiber template. The texture of the channel surface is apparent from the image. Some of 
the texture is due to the texture of the sacrificial fiber surface, but some is also due to remaining 
fiber residue. No irregularities were observed from air pockets or other potential defects along 
the fiber surface. b) SEM image of a thin cross-sectional slice of a microcolumn. The column 







Figure 3.4 a) SEM image showing a radial section of column channels before sacrificial fiber 
residue has been removed. b) EDS spectrum of the uncleaned channel surface. The inset SEM 
image shows the point of the radial channel section from which the spectrum was obtained. The 
Sn Lα peak indicates the presence of the tin catalyst. C) SEM image of a radial section of a 
column channel after treatment with acid and solvent to remove sacrificial fiber residue. The 
channel appears smoother after cleaning. D) EDS spectrum of the cleaned channel surface. The 
inset SEM image shows where the channel surface was scanned to obtain the spectrum. The Sn 
Lα is no longer present, indicating that the cleaning procedure has successfully removed not only 







Figure 3.5 Representative chromatographic data for the separation of a sample of alkanes using 
sacrificial fiber template polymer microcolumns. The chromatograms in a) and b) are from 
serpentine and helical microcolumns, respectively. The chromatographic peak labels are: 1) 
methane, 2) pentane, 3) hexane, 4) heptane, and 5) octane. The chromatograms were obtained at 
25 °C by injecting 100 µL of vapor from above a sealed analyte solution. The split ratio was 
100:1. The chromatograms in a) and b) correspond to the lowest points of the Van Deemter plots 
shown in c), where the black graph is for the serpentine column, and the red graph is for the 
helical column. The plot shows plate height, H, in meters as a function of mobile phase linear 







Figure 3.6 Separation of alkanes at elevated temperatures. A microcolumn coated with OV-101 
was used to separate a mixture of alkane at a) 80 °C and b) 100 °C. The chromatographic peak 
labels are: 1) methane, 2) pentane, 3) hexane, 4) heptane, 5) octane, 6) decane, and 7) undecane. 
The chromatograms were obtained by injecting 250 µL of sample headspace vapor with a 







Figure 3.7 PDCPD helical microcolumn performance with different analytes and stationary 
phases. a) Separation of a mixture of ketones at 25 °C using a microcolumn coated with OV-101. 
The chromatogram was obtained by injecting 100 µL of sample headspace vapor with a split 
ratio of 100:1 and ū=21 cm s-1. b) Chromatogram of an alcohol mixture using a PDCPD helical 
microcolumn dynamically coated with Carbowax 20M. The chromatogram was obtained by 
injecting 100 µL of sample headspace vapor with a split ratio of 100:1 and ū=17 cm s-1. The 
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 Additive manuafacturing was used to produce polymer substrate capillary gas 
chromatography microcolumns. A RepRap kit printer was used to manufacture the 
microcolumns using polylactic acid as the substrate material. Important factors influencing the 
print were the nozzle height of the printer and the rate of polymer extrusion, which could be 
controlled to prevent the formation of leaks through the column walls. The microcolumns printed 
in a planar serpentine design exhibited the best performance. Microcolumns dynamically coated 




There has been much effort in recent years to develop portable gas sensing and analyzing 
devices that are smaller, more powerful, and cost less than traditional laboratory techniques. Gas 
chromatography (GC) is one such technique that has been adapted for portable and handheld 
devices. Microelectromechanical (MEMS) MEMS-based GC microcolumns are some of the 
most studied and employed devices for portable GC, but the process of etching and assembling 
the microcolumns is relatively expensive and requires specialized equipment.1-25 Our group has 
previously developed alternative microcolumns based on polymer substrates and polymer 






 A production method of growing interest is additive manufacturing, better known as 3D 
printing. There are a variety of 3D printing techniques, such as stereolithography, selective laser 
melting (SLM), and fused filament fabrication (FFF). What each technique has in common is 
that the object being printed is deposited in a series of layers. The minimum size of details 
produced with the printer is limited by the printer’s lateral and vertical resolution. Printing 
objects with small internal voids, such as a chromatography column, can be difficult. With 
printers that deposit material for each layer, without a printed support the printer may not be able 
to print over the internal hollow, and if supports are printed within the column channel they can 
be hard to remove from the finished piece. 
Additive manufacturing is being investigated for its potential to make packing materials 
with defined morphologies for chromatographic separations.28-30 In addition to the packing 
material, there has also been research to make packed GC column subsubtrates via 
stereolithography.31,32 Modified 3D printers have also been used to make custom thin layer silica 
liquid chromatography substrates.33 Paull et al. have developed 3D printed titanium liquid 
chromatography columns using SLM.34-36 To date however, there have been no reports of 
capillary GC microcolumns produced using 3D printing techniques. In this report, we discuss the 





Polylactic acid fiber (1.75 mm diameter, beige) was purchased from Hatchbox (Los 





Thermo Fisher. 3M DP-105 epoxy adhesive was purchased from McMaster-Carr. OV-101 
dimethylsiloxane stationary phase was purchased from Ohio Valley Specialty Chemical. 
Hexanes were purchased from Fisher Scientific. N-pentane, n-hexane, n-heptane, and n-octane 
were purchased from Sigma Aldrich. 
 
4.3.2 Design and Printing 
 The microcolumns were designed using Autodesk Fusion 360. The microcolumns were 
designed to have channels 250 µm wide, 450 µm tall, and 1 m long in either a serpentine or spiral 
configuration. Designs were exported as STL files. The STL files were sliced using either 
Ultimaker Cura software (Version 3.0.4) or Prusa Slic3r (Version 1.38.7). The microcolumns 
were sliced without supports. The design was sliced into 50 µm thick layers. A Prusa Research i3 
Mk. 2 was used to print the microcolumns. The extruder was heated to 210 °C and the print bed 
was heated to 50 °C. Bed height was adjusted to ensure the bottom layer formed a sealed layer 
without leaks, and the filament was extruded at 103% the normal rate. Once completed, the 
column was placed in a container of water and air was blown through one of the column ends to 
inspect for leaks. 
 
4.3.3 Stationary Phase Coating 
For a completed column was found to be leak free, the column ends were carefully 
rounded using a fine awl, and a small segment of fused silica capillary tubing was secured over 
each column end using an epoxy adhesive to provide a connectable inlet and outlet. 
A dynamic coating technique was used to apply the stationary phase. 5% w/w solution of 





until the solution filled about a quarter of the column length. The microcolumn was then 
connected to an air-filled syringe on a syringe pump. The syringe pump was used to move the 
coating solution plugged through the length of the column at a consistent speed. The plug was 
propelled through the column at a rate of 3-5 mm s-1. Once the plug moved completely through 
the microcolumn, air flow was continued for 1 h, then a slightly faster airflow (1 mL min-1) for 
another 3 hours to remove any residual solvent. 
 
4.3.4 Chromatography 
Column performance was tested on a Hewlett Packard 5890 Series II chromatograph. The 
microcolumns were connected to the chromatograph using Microtight union assemblies attached 
to capillaries connected to the inlet and detector. Samples were injected manually, and a flame 
ionization detector was used to measure the chromatographic peaks. Data from the 
chromatograph was collected using the Chemstation software package (Rev. A. 10.01) and 
processed using Origin Pro 2017 (b9.4.0.220). 
 A mixture of n-pentane, n-hexane, n-heptane, and n-octane was prepared so that the 
species would have approximately equal vapor pressure. The headspace vapor was used as the 
sample for chromatographic testing. Columns were also tested with methane vapor. Unless 
otherwise noted, the chromatograms were obtained at 25  °C column temperature. Helium was 
used as the mobile phase gas. Gas flow through the column was 1-1.5 mL min-1. A splitting ratio 
of 100:1 was used. The mobile phase linear velocity, ū, was varied typically between 15-35 cm s-
1. For an experimental run, 100 µL of the vapor in the headspace of the analyte vial was injected 







We designed microcolumns to be printed in either serpentine or spiral configurations. 
Figure 4.1 shows images of the three column designs used. Two serpentine column designs were 
made, with the difference between them being the radius of the turns. A spiral column was also 
printed. The channels of the microcolumns in Figure 4.1 were filled with a dye solution for 
visualization. The areas of the microcolumn substrate between the channels were filled with at 
100% infill to make the substrate as solid as possible. However, the microcolumns are only 10-
15 layers tall, making their total thickness less than 1 mm.  
Both extrusion rate and nozzle height above the bed were adjusted to determine their 
importance to the construction of a leak-free microcolumn. Both factors had a similar effect on 
the print, and both required optimization. At low extrusion rate and high nozzle height, holes will 
form between the extruded lines within a layer that will cause the channel to leak. Higher 
extrusion rates can prevent leaks, but too much extrusion can cause the microcolumn channel to 
be closed off, especially in tight turns. The height of the nozzle also affects leaking, especially 
for the first layer. Too high or too low nozzle height can both lead to leaks in the first layer. An 
example of the effect of extrusion rate on the structure of the microcolumn is shown in the 
micrographs in Figure 4.2. 
SEM was used to characterize the structure of the microcolumn channel. Channel 
sections were made by cutting both perpendicular to the channel as well as along the channel 
length. In Figure 4.3a the generally rectangular shape of the column cross section is apparent. 
The sides of the channel have a scalloped appearance due to the layers used to construct the 
column channel. The bottom of the column channel has a more uniform appearance than the top. 





evident here that the bottom of the channel has a smoother, more uniform appearance than the 
top of the channel. The uneven appearance of the top of the channel is due to the extruded 
polymer “bridging” over the open, unsupported channel. Also shown in both images are the 
extruded polymer lines along the channel that form the channel wall. The SEM images also show 
that the microcolumn channel is slightly smaller than the designed 450 µm by 250 µm. The 
decrease in channel width from the designed width is due to the level of extrusion used during 
printing. The polymer is slightly overextruded in order to prevent the development of leaks in the 
microcolumns. The extra material fills up the void spaces in the design, squeezing the wall of the 
column channel to a smaller width. Deviations in the height of the microcolumn from the design 
may be due to inaccuracy in the steps of the Z stepper motor microsteps. 
Completed microcolumns that passed the leak test were coated with OV-101 as described 
in the Experimental Section and tested for their ability to separate a mixture of n-alkanes. Figure 
4.4 shows representative chromatograms for serpentine microcolumns with narrow turns (Figure 
4.4a, 1.6 mm) and wide turns (Figure 4.4b, 6.4 mm). All of the spiral microcolumns tested 
showed multiple peaks for each analyte indicating leaks shortcutting parts of the channel. The 
highest plate count achieved with the narrow turn serpentine columns was 200 plates m-1. By 
altering the design for wider turns, the improved microcolumns were able to separate the alkane 
mixture with as high a plate count as 700 plates m-1. It is worth noting that for both serpentine 
designs, as well as the spiral design, the nomimal channel dimensions were kept the same. 
 
4.5 Discussion 
There were several challenges to address when designing a GC microcolumn for printing 





overlap of adjacent polymer strips, as well as the area of adhesion between a polymer strip and 
the layer below affect whether the channel leaks. As described earlier, the rate of polymer 
extrusion and the height of the extrusion nozzle (for the first layer) can be adjusted to tune these 
factors. In light of the potential for leaks, we decided to keep the design of microcolumns simple 
by using 2-dimensional configurations. 
The width of the extrusion nozzle on our printer was 0.4 mm, placing a constraint on 
smallest possible features sizes that can be printed in a layer. The microcolumn channels we 
designed have a width much less than 400 µm. In order to print those smaller channels, we made 
the space between column channels an integer multiple of the nozzle width. If the microcolumn 
is designed with an arbitrary amount of space between segments of the channel, irregularities in 
the channel width would have occurred: either an extra strip would have been extruded, which 
would make the channel too narrow or even possibly plug it completely, or too few strips would 
have been printed, leaving the resulting channel too wide. If the channels are properly spaced, 
there is also little effect of the nozzle width at the channel turns. Besides being an integer width 
of the nozzle width to maintain the uniformity of the channel width, the overall width of the 
space between channel segment is also important. Generally, the wider the spacing between the 
channel segments for a serpentine microcolumn, the wider the turns in the column. Wider turn 
radii mitigate the effects of the steps in the X and Y motors of the printer that may cause 
variations in the width of the channel, especially at turns. 
The microcolumns were designed to have a rectangular cross section, with the smaller 
dimension parallel to the printed layers so that the top layer that covers the column is applied 
over as little open space as possible. Supporting structures were not used for the channel due to 





however, without support the top layer of the channel does not retain a completely flat shape. 
Likewise, the sides of the channel are not smooth but rather have a scalloped structure. These 
irregularities limit the performance of the microcolumn, but printing a column with thinner 
channels and using thinner layers could possibly reduce these features. 
PLA is a common and popular material for FFF printing due to its low cost, ease of use, 
and how it retains dimensional accuracy as the print cools. Additionally, for printing a GC 
microcolumn, PLA will not dissolve in a siloxane stationary phase or nonpolar solvents that the 
stationary phase may be dissolved in. For the application of other stationary phases, such as 
polyethylene glycol, a different polymer may need to be used. All FFF printer filaments are 
thermoplastics, so microcolumns printed by this method are temperature limited. In 
chromatographic tests of PLA microcolumns, the columns perform well up to 60 °C, but at 
higher temperatures they began to deform. In comparison, SLA polymers are crosslinked to form 
prints, but many of them do not have high temperature tolerance. The permeability of the 
substrate polymer to the analytes tested and the presence of functional groups on the substrate 
surface are also factors that affect the ability of the printed microcolumn to perform separations. 
The narrow serpentine microcolumns were the first design printed, coated, and tested for 
their ability to separate a mixture of n-alkane vapors. While the microcolumns were leak-free 
and showed some chromatographic ability, their performance is relatively poor. As Figure 4.4a 
shows, the peaks in the chromatogram exhibit significant tailing that contributes to the poor plate 
count. On examination of the columns, many irregularities were observed at the turns in the 
channel, such as the turn shown in Figure 4.2c. The channel width varies greatly at the turns and 
even appears nearly closed off in places. The straight portions of the channel do not show such 





accurately make the small turns. This is due to the use of stepper motors for the X and Y 
motions. The steps they make are likely too large to provide the necessary resolution for tight 
turns in the microcolumn or other similar very small details in a design. Furthermore, the 
polymer is extruded using a stepper motor, and this may also limit resolution. The steps in the 
extrusion may be responsible for some of the wavy features observed in the channel walls. 
Modification of the microcolumn design to make wider turns improved the consistency of the 
channel width, as shown in Figure 4.2d. There is also improvement in the performance of the 
column, increasing from 200 to over 700 plates m-1.  
Alternatively, a spiral column design can also be used to avoid the tight turns of the 
initial serpentine design. The center of the spiral column design we made was left largely open to 
prevent tight turns in the center. Unlike the wide serpentine design, the spiral design is able to 
avoid tight turns while also remaining compact. The failure of the spiral microcolumns is due to 
the way in which their layers were sliced. The channel walls of the serpentine microcolumns are 
made by continuously extruding the polymer filament without picking up the extrusion head to 
prevent possible leaks or air pockets in areas where the stops and resumes extrusion. With the 
slicing software we used we were unable to make the channel walls of the spiral design extrude 
continuously, and thus the channel walls developed leaks. 
Further improvements of the performance of 3D printed microcolumns may be possible. 
Printing the microcolumn in two pieces and subsequently attaching the top piece could make a 
smoother channel ceiling. Also, an FFF printer with a smaller nozzle and the ability to make 
thinner layers could make column channels that more exactly replicate the original design. Also, 
using motors with greater accuracy and with smaller possible steps could greatly improve the 





could make more detailed prints than a FFF printer, and some resins may have better temperature 
stability than the thermoplastics used by FFF printers. However, it is very difficult to remove 
uncured resin trapped within the column channel. The wide availability of FFF printers and the 
low cost of both the printers and filaments in comparison to other types of 3D printers is 
advantageous for the production of cheap and disposable GC microcolumns. 
  
4.6 Conclusions 
 We have produced inexpensive, disposable polymer GC microcolumns using a desktop 
3D printer. The microcolumns were designed with either a serpentine or spiral configuration. It 
was found that microcolumn performance could be improved by considering the limitations of 
the printer and avoiding tight turns in column designs. By printing the column walls with 
continuous strips of polymer, air-tight channels were made. The microcolumns were coated with 
OV-101 stationary phase and were able to separate a mixture of alkanes with plate counts as high 
as 700 plates m-1. 
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Figure 4.1. Photographs of 3D printed microcolumns. A dye solution was injected into the 
microcolumn channels to make the design more visible for the photographs. The microcolumns 








Figure 4.2. Optical micrographs of microcolumn channels. a) When the polymer extrusion rate 
is too low, there are gaps between the strips of printed material in a layer. These gaps allow leaks 
in the column channel, which appear as lighter spots in the micrographs. b) At higher extrusion 
rates there are no visible gaps in the printed layers. c) The micrograph shows a turn in the 
channel of a narrow serpentine microcolumn. Imperfections in the printing result in a constricted 








Figure 4.3. SEM images of the microcolumn channels. a) A cross-section of the column channel. 
The channel sides have a scalloped due to the thickness of the printed layers. b) This image 
shows a length of the channel, viewing the top. The top has a bumpy texture due to being 
deposited above the channel without supporting structures below it during the print. c) In 







Figure 4.4. Chromatograms showing the separation of a mixture of alkanes using a) a narrow 
serpentine column (200 plates m-1); and b) a wide serpentine column (700 plates m-1). The 
labeled peaks are: 1) methane, 2) pentane, 3) hexane, 4) heptane, and 5) octane. The 
chromatograms were obtained by injecting 250 µL of sample headspace vapor with a splitting 
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CHAPTER 5: APPLICATIONS OF ULTRASOUND TO 
NANOSTRUCTURED MATERIALS1† 
 
5.1  Introduction 
The production of nanostructured materials through the effects of high intensity 
ultrasonic irradiation of materials has been a subject of interest for more than two decades. 1-5 
The ultrasonic irradiation of a liquid can cause effects over a large range of size scales, from the 
mixing and heating of the bulk liquid to the concentration of energy in microscopic hot spots 
intense enough to produce high energy chemical reactions. Both the physical and chemical 
effects of ultrasound have been utilized in the production of nanostructured materials. The 
complex and wide range of processes caused by ultrasound—both chemical and physical—
provides a diverse palette for the formation nanomaterials with a variety of compositions and 
structures. 
The chemical effects of ultrasonic irradiation in a liquid are not the result of direct 
coupling of the sound waves to molecular species, as they occupy very different time and length 
scales. Rather, sonochemistry arises as a consequence of the implosive collapse of bubbles 
produced by acoustic cavitation.6 The process of nucleation, growth, and collapse of bubbles 
during acoustic cavitation is shown graphically in Figure 5.1. When a liquid is subject to 
sufficiently strong acoustic waves, dissolved gases or other impurities nucleate cavities (bubbles) 
within the liquid during rarefaction. Through successive cycles, the cavities grow through 
rectified diffusion—the decrease in cavity volume during compression is less than the growth 
                                                
† Adapted and reprinted with permission from Hinman, J. J.; Suslick, K. S. Nanostructured 







during rarefaction due to the reduced surface area of the bubble during compression. When the 
bubble reaches a certain size (microns for 20 kHz ultrasonic irradiation) it becomes resonant with  
the ultrasonic radiation and can rapidly increases in size. Soon the bubble becomes unstable and 
violently collapses, producing a hot spot within the liquid medium.7 
Spectroscopic studies of the light emitted during cavitation (i.e., sonoluminescence) by 
Suslick et al. have shown that these implosions generate conditions of 5000 K and 1000 bar in 
clouds of cavitating bubbles and even more extreme conditions in isolated single bubble 
cavitation. 6,8-11 It is within these regions of extreme conditions that chemical reactions occur. 
Suslick et al. also studied the rate of ligand substitution for metal carbonyl sonolysis as a 
function of metal carbonyl vapor pressure and found the sonochemical reactions must be taking 
place in two regions—gas phase and liquid phase. 7,12 The liquid phase is mostly composed of 
droplets injected into collapsing bubbles,12 and perhaps a thin shell surrounding the collapsing 
bubble. Temperatures of the two sonochemical regions in low vapor pressure alkanes were 
determined to be 5200 K and 1900 K for the gas phase and liquid phase, respectively. The 
extremely short lifetimes of cavitation events results in heating and cooling rates of more than 
1010 K/s. 6,12 As shown in Figure 5.2, the conditions of sonochemistry are quite extreme in 
comparison to other chemical processes. 
This review will focus on recent examples of the use of ultrasound for the synthesis of 
nanostructured materials and will be organized according to the mechanisms by which 
ultrasound can be used for the production of nanomaterials. Section 2 focuses on nanomaterials 
produced using the chemical effects of ultrasound, and this section is further divided by the use 
of primary sonochemistry or secondary sonochemistry. In section 3, various methods for using 





is subdivided into (1) ultrasonic spray techniques to generate microdroplet reactors for the 
generation of nanostructured materials; (2) sonofragmentation and sonocrystallization; and (3)  
sonochemically produced protein microspheres, which are created by a combination of chemical 
and physical effects. 
 
5.2 Chemical Effects of Ultrasound 
As a result of the extreme conditions during cavitation bubble collapse, both physical and 
chemical processes are initiated. The implosive collapse of bubbles generates a shock wave that 
propagates out into the liquid medium. Bubble collapse near a solid surface disrupts the spherical 
symmetry of the bubble and causes the formation of microjets that can impact the surface in 
addition to the shock wave. These physical processes make ultrasonic irradiation an effective 
means to mix liquids, erode solid surfaces, and facilitate interparticle collisions. Of course, 
another consequence of ultrasonic irradiation is the eventual bulk heating of the solution; with 
typical ultrasonic horns, ultrasonic intensities are ~50 W/cm, such bulk heating can be significant 
in small liquid volumes. 
Figure 5.3 provides a general scheme of the applications of sonochemical and ultrasonic 
processes to materials chemistry. The chemical effects of ultrasound mostly derive from the hot 
spots created by collapsing bubbles. The effective compressional heating generates local 
temperatures high enough to cause the dissociation of all chemical bonds (up to and including 
N2).13 Volatiles and gases present inside the collapsing bubble can undergo reaction and we refer 
to these as primary sonochemical reactions. Secondary sonochemical reactions occur involving 





species that will be formed within an ultrasonic hot spot can undergo a variety of secondary 
reactions with solutes in the surrounding liquid.14  
In the case where water is the sonicated liquid, sonolysis of water will generate highly 
reactive hydrogen atoms and hydroxyl radicals, and upon diffusion out of the hot spot, these 
species can initiate secondary sonochemical reactions (e.g., reductions, oxidation, hydroxylation 
of organics, etc.). The sonolysis of water is a well-studied process15 and involves a number of 
rapid primary and secondary reactions that can also involve dissolved gases (e.g., O2), as shown 
below.  
 H2O -)))-> H• + •OH (Equation 5.1) 
 H• + H• à H2 (Equation 5.2) 
 H• + O2 à HO2 (Equation 5.3) 
 •OH + H• à H2O (Equation 5.4) 
 •OH + •OH à H2O2 (Equation 5.5) 
Thus, both strong oxidants and reductants are formed, and the nature of the overall sonochemical 
reactions will depend on the conditions. The sonication of nonaqueous liquids also produces 
radical species. 14,16-18 For example, in the presence of a an organic additive, species like Au(III) 
can be reduced,19 as discussed in more detail later:  
 RH + •OH / H• à R• + H2O / H2 (Equation 5.6) 
 Au(III) + reducing species (H•, R•) à Au(0) nanoparticles (Equation 5.7) 
 
5.2.1 Primary Sonochemistry for Nanoparticle Synthesis 
The production of metal nanoparticles from volatile precursors has developed from the 





compound, such as Fe(CO)5, is dissolved in a low vapor pressure alkane solvent or ionic 
liquid21,22 and subjected to intense ultrasound, conditions favor dissociation of multiple metal-
ligand bonds, and metal nanoparticles can thus be produced. Due to the short lifetime of a 
cavitation event, the particle is so rapidly cooled that crystallization is prevented, resulting in 
amorphous particles. The product appears as an agglomeration of 20 nm nanoparticles (Figure 
5.4). If oleic acid or a similar surfactant is added to the reaction mixture, colloidal iron 
nanoparticles 8 nm in diameter are obtained, shown in the TEM image in Figure 5.4.23 Using 
precursor compounds like Fe(CO)5 and Co(CO)3NO, amorphous iron, cobalt and mixed 
nanoparticles have been made.24 
The synthesis of amorphous metal nanoparticles can be modified by the addition of other 
reactants to yield a variety of nanomaterials. Addition of sulfur to a solution of Mo(CO)6 and 
subsequent sonication produces clustered and agglomerated nanoparticles of MoS2.25 This 
product has a higher edge surface area than conventionally prepared MoS2, and the catalytic 
activity is only at the edges where Mo atoms are exposed, not on the flat sulfur faces. MoS2 is 
the predominant industrial hydrodesulfurization catalyst, and the sonochemically prepared MoS2 
demonstrates comparatively high catalytic activity for hydrodesulfurization of thiophene as an 
example. The sonication of Mo(CO)626 and W(CO)627  in an aliphatic solvent produces 
molybdenum carbide and tungsten carbide, respectively. Sonication of Mo(CO)6 in the presence 
of air produces MoO3 nanoparticles. When these precursors are sonicated in the presence of SiO2 
nanoparticles or other inorganic oxide particles, the catalytic material can be directly deposited 
onto a support during synthesis. 
SiO2 and carbon nanoparticles can also serve as removable templates to metal oxides or 





nanoparticles, exposure to air causes the particles to quickly oxidize, forming hollow iron oxide 
nanocrystals.28 The crystallization is attributed to the energy generated during the combustion of  
the carbon nanoparticle template upon air exposure. Figure 5.5 shows the hollow nature of the 
resulting hematite nanoparticles. In a control experiment lacking the carbon template, amorphous 
iron oxide particles were formed from amorphous iron. Similarly, the sonication of Mo(CO)6 
with silica nanoparticles and sulfur or in the presence of air will produce hollow MoS2 or MoO3 
particles, respectively.29 An experiment showed the hydrodesulfurization catalytic activity of the 
sonochemically produced hollow MoS2 nanospheres outperformed even the non-hollow 
sonochemically prepared MoS2. Washing the particles with HF removes the silica, leaving 
hollow nanoparticles.  Annealing the MoO3 particles forms hollow nanocrystals. 
 
5.2.2 Secondary Sonochemistry for Nanoparticle Synthesis 
  Secondary sonochemistry, using a species produced within a cavitating bubble to effect 
chemical reactions in the liquid phase is widely employed, in part due to its ability to react with 
nonvolatile species. Even before the mechanisms of sonochemistry were fully understood, 
Baigent and Müller showed that ultrasound could be used as an alternative to traditional 
processes for the production of colloidal gold sols.30 For a detailed discussion of the 
sonochemical production of metallic nanomaterials, refer to the recent review by Shchukin et al.4 
Grieser and coworkers described that when aqueous solutions of HAuCl4 are sonicated in the 
presence of alcohols or a similar surfactant or organic additive, Au(III) is reduced to Au(0), and 
gold nanospheres are formed. In a study of the effects of ultrasound frequency on the formation 





using 213 kHz radiation19 in the specific apparatus that they used (which was also the optimized 
mid-range of the instrument). The size of the gold nanoparticles was also smallest at 213 kHz, as  
shown in Figure 5.6, although the effect on size is rather small compared to the errors in size 
measurement and may not be statistically significant. 
Just as conventional nanoparticle syntheses are able to produce nonspherical 
nanoparticles, so too can sonochemical syntheses. In the presence of cetyltrimethylammonium 
bromide and AgNO3, gold nanorods can be formed.31 Sonochemical nanoparticle synthesis 
techniques have been used to make gold nanobelts,32 gold nanodecahedra,33 and silver 
nanoplates.34 Nie et al. have used the physical effects of acoustic cavitation to create gold 
nanoparticles with cone-like shapes.35 In their proposed mechanism, 2-ethoxyanaline, a 
reductant, is dissolved in hexane. If mixed to with an aqueous gold solution, an emulsion forms. 
The gold is reduced at the hexane-water interface, forming hemispherical particles. If the phases 
are emulsified at much lower acoustic power with an ultrasonic bath, however, cone-like 
particles are made. The authors propose this may due to be a consequence of cavitation bubble 
collapse, although the exact mechanism is not at all clear; the cone shape may derive instead 
from larger, irregularly shaped micelles formed from the low acoustic intensities of a cleaning 
bath. 
Ultrasound has been used to produce other noble metal nanoparticles as well. Mizukoshi 
et al. produced gold-palladium core-shell nanoparticles;36 Au-Ag37 and Au-Pt38 have 
subsequently been produced as well. The sonochemical production of these core-shell bimetallic 
nanoparticles is likely in part due to the different reduction potentials for the different metal ions. 
In the Au-Pd system, the gold is reduced first and the nanoparticles serve as a nucleation site for 





followed by a Ru(III) solution in PVP or SDS.13 Uniform bimetallic nanoparticles have also been 
produced sonochemically, including PtCu3,39 PdAg,40 and Pd/first-row transition metal 
particles.41 
Using poly(methacrylic acid) as a capping agent and hydroxyl radical scavenger, Suslick 
and coworkers were able to use high intensity ultrasound to make extremely small (<2 nm) silver 
nanoclusters.42 These nanoclusters exhibited a strong fluorescence at 610 nm, unlike larger silver 
nanoparticles, which do not exhibit fluorescence. Sonochemically produced Ag nanoclusters 
have been used for the detection of dopamine43 and sulfide anions.44 Gold nanoclusters45 and 
copper nanoclusters46 have been produced as well. 
Sonochemistry has been employed to synthesize a variety of materials other than noble 
metals with a variety of structures. Among these materials, various metal oxide and hydroxide 
nanoparticles have been produced sonochemically, including MgO,47 Sr(OH)2,48 Dy2O3,49 and 
Fe3O4.50 Metal oxides may be formed through sonochemical oxidation via radicals or through 
sonohydrolysis. Nanostructured zinc oxide is a material of interest as a wide band gap 
semiconductor, for use as a photocatalyst, and for its antimicrobial properties. Recently, a 
colloidal suspension of ZnO was produced when zinc acetate was ultrasonically irradiated in a 
basic solution with a colloidal stabilizer, poly(vinyl alcohol).51 The colloidal particles were 10 
nm in diameter as determined by dynamic light scattering measurements. 
To make a nanostructured ZnO layer as a matrix in an electrochemical sensor, ZnO 
nanorods and nanoflakes were grown on a Si substrate by sonicating a zinc salt with 
hexamethylenetetramine, which served as shape directing agent.52 Similarly, ZnO nanoparticles 
have been sonochemically produced and simultaneously deposited on a textile surface in an 





have also been sonochemically formed on textiles and paper surfaces in a similar manner. The 
specific mechanism by which these nanoparticles inhibit microbial growth is not well 
understood, although it is well known that these metal ions are toxic to bacteria. The ease of 
coating a variety of materials with inorganic nanoparticles using ultrasound may be useful for 
other applications besides antibacterial activity, such as modifying surface hydrophobicity. 
Besides coating bulk textiles materials, sonochemistry can also be used to coat 
nanostructured surfaces with nanoparticles. Hierarchically structured ZnO microspheres were 
coated with  sonochemically produced CdS nanoparticles as a photosensitizer to make a 
hierarchical photocatalyst that was more active through the absorbance of visible light than ZnO 
is alone.56 While the ZnO was produced through a hydrothermal synthesis, CdS nanoparticles 
were produced by the sonication of an aqueous solution of cadmium chloride and thiourea with 
suspended ZnO microspheres. The thiourea was sonochemically reduced to produce sulfide 
anions, which precipitated with aqueous cadmium to form 50-100 nm spherical CdS 
nanoparticles (Figure 5.7). The interface between the ZnO and the CdS nanoparticles is clean 
without a buffer zone between the two materials, as the TEM image of Figure 5.7c demonstrates. 
It was suggested that the physical effects of the ultrasound may have a role in cleaning the ZnO 
surface and providing places for the CdS to nucleate. In photodegradation tests with rhodamine 
B, the hierarchical ZnO/CdS showed improved activity under solar irradiation than either 
material alone, which the authors attributed to more efficient charge separation in the composite 
material.  
As with the metal nanoparticles, non-spherical nanoparticles can be made. Examples 





formation of Ag/AgCl nanocube plasmonic photocatalysts.59 By sonicating a solution of silver 
nitrate, sodium chloride, and poly(vinyl pyrrolidone) in ethylene glycol, uniform nanocubes of  
AgCl (edge length 115 ± 20 nm) were produced with inclusions of silver nanoparticles, as shown 
in the SEM images in Figure 5.8. The cubic shape was the result of particle growth in the 
presence of PVP. While the physical effects of the ultrasound helped increased the speed of 
Oswald ripening in the particles, some of the silver ions in solution were reduced to form silver 
nanoparticles by the radicals sonochemically generated. Some of these silver nanoparticles 
became embedded in the AgCl matrices of the nanocubes, giving them a mauve color rather than 
the usual white of AgCl alone. The Ag/AgCl nanocubes performed photocatalytic degradation of 
organic dyes better than other reported Ag/AgCl materials. 
The ability of sonochemistry to prepare small particles quickly has motivated some 
research into the sonochemical preparation of porous materials as an alternative to more 
conventional, and often lengthy, solvothermal synthesis. In a comparative study, Jung and 
coworkers prepared MOF-177 (Zn4O(BTB)2, BTB=4,4’,4’’-benzene-1,3,5-triyl-tribenzoate) by 
solvothermal, microwave, and sonochemical methods using 1-methyl-2-pyrrolidone (NMP) as 
the solvent.60 Both the microwave and sonochemical syntheses required only an hour to 
complete, in contrast to the 48 hours required by the solvothermal method. Also, the particles 
produced by microwave and sonochemical methods were smaller than those produced using the 
conventional synthesis. The BET surface area of the microwave particles was less than that of 
the sonochemical and conventional particles, which had similar properties. In a test of CO2 
adsorption, the sonochemical particles exhibited the highest uptake of the three methods. 
In another report, a sonochemical method for the preparation of Mg-MOF-74 





solvothermal method.61 The sonochemical method did not work unless triethylamine was added 
to the solution to encourage deprotonation of the dhtp. Again, the sonochemical method was able 
to produce MOF particles with similar BET surface area and performance to the conventional 
preparation method in a reduced amount of time. The particle morphology differed between the 
methods. The conventional method produced agglomerated needle 14 µm particles, while the 
sonochemical method produced spherical 0.6 µm particles. Addition of triethylamine for the 
solvotothermal method produced particles of intermediate structure and size, showing that this 
likely has some effect on the particle formation in addition to the ultrasound. The research of 
Ahn and coworkers has additionally produced sonochemical methods for the preparation of 
MOF-5,62 ZIF-8,63 and IRMOF-3.64 Other porous materials prepared by ultrasonic methods 
include manganese dioxide octahedral molecular sieves (OMS).65 
Sonochemical synthesis of high surface area carbon materials have been of interest as 
well, as reviewed recently in detail by Skrabalak.66 Much like the examples mentioned above, 
efforts have been made to deposit sonochemically produced nanoparticles onto a graphene 
substrate. Guo et al. prepared 5 nm TiO2 nanoparticles deposited on graphene sheets by the 
ultrasonic irradiation of a suspension of graphene oxide with TiCl4 in ethanol, followed by 
reduction of the graphene oxide.67 The composite showed improved activity over TiO2 alone in 
the photocatalytic degradation of methylene blue. The authors attribute this improvement in part 
to the ability of the graphene to reduce the recombination of electron-hole pairs. Sonochemistry 
has been used to couple graphene oxide and graphene to other nanoparticles as well, including 
Au68 and Fe3O4.69 Graphene nanosheets themselves have reportedly been produced from the 
reduction of graphene oxide via the assistance of ultrasonic irradiation.70 It was proposed that in 





during cavitational collapse might also play a role in speeding up the reduction of graphene 
oxide by hydrazine. 
Rather than prepare graphene through the reduction of graphene oxide, Xu and Suslick 
used sonochemistry to exfoliate graphene from graphite and simultaneously functionalize it with 
polystyrene to improve its dispersion.71 Styrene was chosen as a suitable solvent for graphite 
exfoliation since it has a surface tension of 35 dyn cm-1, which is a good match the surface 
energy of graphite. Also, under sonochemical conditions, styrene will produce radicals that can 
chemically attach to the surface of exfoliated graphene sheets and functionalize them, thus 
improving their dispersibility. This method produced a colloid of single- and few-layered 
graphene, as shown in the TEM of Figure 5.9. The polystyrene-functionalized graphene was 
soluble in dimethylformamide, tetrahydrofuran, toluene, and chloroform, and the solutions were 
stable for months without precipitation. Other polymerizable solvents, like 4-vinylpyridine, were 
also able to produce functionalized graphene.  
Sonochemistry has been useful in the synthesis of other carbon nanomaterials as well. 
Jeong et al. ultrasonically irradiated a suspension of silica powder in p-xylene with a small 
amount of ferrocene to produce single-walled carbon nanotubes (SWCNTs).72 The ferrocene 
decomposed as described above into amorphous iron particles that were able to catalyze the 
formation of the SWCNTs, and the p-xylene was the carbon source. Recently, Ha and Jeong 
reported the sonochemical formation of multiwalled carbon nanotubes (MWCNTs) as well.73 
The synthesis of MWCNTs was similar to that of SWCNTs but required a higher concentration 
of ferrocene in the reactant mixture as well as the addition of a small amount of water. With 






Sonochemistry can also play a role in traditional carbon nanotube syntheses. Sonication 
is a popular method to disperse individual SWCNTs in solutions. Amide solvents, such as N- 
methyl pyrrolidone (NMP), tend to disperse SWCNTs well. Yau et al. investigated small 
impurities present when SWCNTs are dispersed in NMP.74 They found that these impurities 
could be produced in NMP alone after similar ultrasonic treatment and are likely the result of 
sonochemical degradation of NMP. Thermogravimetric analysis of the SWCNTs dispersed in 
NMP using ultrasound exhibited significant decomposition at 350-500 °C, whereas as-received 
SWCNT bundles and SWCNTs soaked in NMP without sonication lost only 10 % of their mass 
over the 200-850 °C temperature range. These results suggest that the NMP degradation products 
adhere to or react with the sonicated SWCNTs, which may be important for their dispersion but 
detrimental to their thermal stability. 
The production of luminescent carbon nanodots (CDs) via ultrasound by Xu and 
colleagues is both a further example of another possible carbon material made through 
sonochemistry as well as an instance where the delineation of primary and secondary 
sonochemistry becomes ambiguous.75 The CDs were made from the sonication of an aqueous 
solution of citric acid as the carbon source and ethylenediamine as an N-doping source, both in 
rather high concentration (0.5-1 M). Sonication of the solution for 8 hours produced 3-7 nm 
particles, as measured by TEM. X-ray diffraction suggested the particles were amorphous. The 
CNDs had an absorbance band at 354 nm and  luminescence at 450 nm when excited with 360 
nm light. By optimizing the citric acid/ethylenediamine ratio and concentration, particles with a 






Xu and colleagues observed that the duration of sonication did not have a large impact on 
the CD quantum yield. If the CDs were formed from secondary reactions in solution, longer 
sonication should increase particle size and influence luminescence properties. Thus, they 
proposed that the CDs are formed within the collapsing bubbles. As shown in the diagram in 
Figure 5.10, since citric acid and ethylenediamine are not volatile, they are entering collapsing 
bubbles via the injection of nanodroplets caused by unstable bubble collapse, as described 
earlier. In the intense conditions of the collapsing bubble, the droplet solvent evaporates, and the 
reactants are pyrolyzed to form the CNDs. To further test this proposed mechanism, the citric 
acid was replaced with Mw=1800 Da polyacrylic acid, and CDs were still formed. CDs have also 
been prepared in other studies using glucose and poly(ethylene glycol) as the carbon source.76 
 
5.3 Physical Effects of Ultrasound for Nanoparticle Production 
The physical effects of high intensity ultrasound (microjet formation, turbulence, rapid 
mixing, shock wave formation, and interparticle collisions in slurries) are also often important in 
the formation of nanostructured materials. As discussed earlier, cavitational collapse of bubbles 
generates shock waves that propagate out into the liquid medium. Bubble collapse near a solid 
surface is non-spherical and causes the formation of microjets that can impact surfaces and eject 
material out into solution. Turbulent flow and microstreaming make ultrasonic irradiation an 
effective means to mix liquids, erode solid surfaces, and facilitate interparticle collisions in 
suspensions of solid particles in liquids. 1,3,5,77-79 
This is exemplified by the production of ZnO hierarchically structured microspheres by 
Wang and coworkers.80 They precipitated ZnO from an aqueous solution of Zn(NO3)2 and 





absence of ultrasonic irradiation, however, the structures took a longer time to form, were less 
uniform in size, and exhibited morphology differing from the nanosheets in places. These 
structures are shown for comparison in Figure 5.11. The researchers attribute the structure of the 
ultrasonically irradiated samples to improved nucleation and diffusion as a result of ultrasound. 
They hypothesize that the hot spots generated via ultrasound increase the nucleation of the ZnO 
nanosheets and the shockwaves and microjets improve diffusion and dispersal of nanocrystals. A 
further experiment of interest would be to precipitate the ZnO while using a high-speed mixer to 
assess whether improved nucleation through hot spot generation is necessary for the formation of 
the hierarchical structures or if improved mass transfer suffices. 
Similarly, the changes of the size and distribution of ZIF-8 (ZIF = zeolitic imidazolate 
framework, a Zn+2-imidazolate metal-organic framework) nanoparticles under sonication utilizes 
the physical effects of ultrasound to alter the structure of nanoparticles.81 ZIF-8 is prepared 
through precipitation when methanol solutions of zinc nitrate and 2-methylimidazole are mixed 
together, making particles about 200 nm in diameter. When these particles are subjected to 
sonication some particles increase in size while others diminish, resulting in a bimodal 
distribution. This bimodal distribution is evidence of Ostwald ripening. It is thought that 
cavitation events near the surface of the nanoparticles help facilitate the dissolution of the 
smaller particles, and the diffusion of materials in solution is also enhanced by the ultrasound. 
 
5.3.1 Ultrasonic Spray Pyrolysis for Nanomaterials 
Another method that utilizes the physical effects of ultrasound to make nanostructured 
materials is ultrasonic nebulization (also known as “atomization”, which of course it is not!). 





from the crests of capillary waves on the liquid surface. The droplets ejected are of a generally 
uniform size, and the average size can be predicted from the Lang equation:82 
 





where D is the diameter of the droplet, γ is the surface tension of the liquid, ρ is the liquid 
density, and f is the frequency of the ultrasonic irradiation. For water nebulized with a 1.65 MHz 
transducer, the average droplet size is about 3 µm in diameter. Each droplet is a small, individual 
chemical reactor that can be flowed through heat, light, or other stimuli to induce chemical 
reactions. One of the advantages of ultrasonic nebulization is that dense mists can be formed 
independent of gas flow rate.  In addition, it is an easily scaled technique for both laboratory and 
pilot plant production. By varying reactants, solvent, auxillary addititives, reactor temperature, 
etc, a variety of different materials with nanostructured morphology can be produced. 
Ultrasonic spray pyrolysis (USP) sends an ultrasonically nebulized precursor solution 
into a carrier gas stream through a heated region, where thermal decomposition can be used to 
create nano- and micromaterials. 2,3 A diagram of a typical apparatus used for USP reactions is 
given in Figure 5.12. A more detailed review of the principles and variations of USP has recently 
appeared.83 Besides the obvious similiarity of both sonochemistry and USP utilizing ultrasound, 
the two techniques also both restrict reaction zones into sub-micrometer regions—sonochemistry 
occurs in hot gaseous regions within the cavitation bubble a liquid medium, while in USP uses 





with ultrasonic spray techniques, such as metals, metal oxides, carbon, semiconductor materials, 
and polymers. 
The simplest forms of particles that USP will form are compact, solid microspheres and 
hollow shells. Whether solid or hollow particles are made can in part be described by the Peclet  
number, or the ratio of the solvent evaporation rate to the rate of solute diffusion through the 
droplet. If solvent evaporation is fast or the the material quickly precipitates and forms, hollow 
shells can be produced. These shells may break apart, forming either a dense agglomeration of 
particles or small fragments, depending upon the material. 
In a recent example of the formation of solid particles by an ultrasonic spray method, 
Suslick and coworkers prepared silicone microspheres.84 The production of 
polydimethylsiloxane (PDMS) microsphere through emulsion polymerization (the typical 
method of making polymer microspheres) results in polydisperse particles with large sizes (100 
µm) due to the very low surface energy of silicones; other methods that can make small 
microspheres could only produce particles one at a time. By generating individual particles 
through an ultrasonically generated mist, however, microspheres of a uniform size can be readily 
prepared in quantity. Generally, PDMS oligomers were diluted in hexane or toluene solutions. 
The mist of this solution was conveyed through a 300 °C tube furnace on an Ar stream, where 
the solvent evaporated and the PDMS oligomers crosslinked to form solid microspheres <2 µm 
in diameter with a narrow size distribution. The size of the PDMS microspheres could be 
controlled by varying the concentration of the precursor solution, as shown in Figure 5.13. 
In order to explore the potential utility of the PDMS microspheres, several modifications 
were made to the basic preparation to produce a variety of microspheres. Incorporating Nile red 





washing, the dye was still retained within the microspheres and made the microspheres 
fluorescent. To test whether the microspheres could be used for drug delivery, Rhodamine 6G 
was used to assess the loading and release properties of the PDMS microspheres with small 
hydrophobic molecules. The microspheres exhibited only 25% release after 200 h in phosphate 
buffered saline, likely due to the inhibition of particle wetting owing to the hydrophobicity of the 
PDMS. Incorporation of polar side chains or copolymers improved release propeties. Magnetic 
cores could be incorporated into the PDMS microspheres by adding Fe3O4 nanoparticles to the 
precursor solution, which may make PDMS microspheres a possible platform for MRI contrast 
agents. Cytotoxicity studies showed that PDMS microspheres are not toxic to cells, even at a 
concentration of 105 microspheres/cell. 
Suslick and coworkers have used USP to produce hollow microspheres of ZnS:Ni2+85 and 
aluminum metal.86 The hollow ZnS:Ni2+ were formed from the removal of a colloidal silica core 
with HF etching. The segregation of ZnS toward the surface of the microsphere is attributed to 
low solubility of ZnS and its precursors in the aqueous precursor solution, causing it to 
precipitate out of solution soon after heating. The thin shell aluminum metal particles were 
formed by a slightly different mechanism, owing to the reaction of gaseous TiCl4 as a reductant 
with trimethylamine aluminum hydride at the surface of the nebulized droplets. Conditions can 
be adjusted to form shells that are nonporous and trap some of the precursor solvent and TiCl4.  
Materials made with USP are often porous. Porosity can be produced from the decomposition of 
the precursors, or it can be introduced through the use of templates. Some porous microspheres 
produced using aerosol procedures include γ-alumina,87 titania,88 and TiN.89 The synthesis of 
MoS2 by USP exemplifies the use of colloidal silica templates making porous nanostructured 





colloidal silica and (NH4)2MoS4. Silica in the microsphere product was etched away with HF, 
leaving a highly porous MoS2 microspheres. Highly porous metal oxide particles can also be 
prepared using USP with template nanoparticles. The use of a colloidal silica template has been 
used to make porous titania microspheres.91 When Suslick and coworkers added other transition 
metals (Co(II), Cr(II), Mn(II), Fe(II), and Ni(II) salts) to the Ti/Si precursor and partially ethed 
the silica, the resulting microspheres had a ball-in-ball structure of a silica sphere within a porous 
titania shell, shown in Figure 5.14. 
Besides colloidal silica, other template materials can be used as well to increase the 
porosity of USP-produced particles. Colloidal polymeric particles, such as polystyrene, have 
been used in the production of porous silica microspheres. Polystyrene templates can be removed 
in the heated reaction zone through pyrolysis, thus requiring no additional removal steps after the 
product is collected. Suslick and Suh used styrene in a sequential heating setup to template 
worm-like pores into silica microspheres.92 The styrene polymerized in the first heated zone, 
then a second hotter zone was used to decompose and remove the template. 
Porous carbon microspheres have also been prepared through the use of colloidal silica 
templates. Lu and coworkers have used a sucrose precursor solution with different types and 
amounts of silica to produce carbon microspheres with a range of structures. 93,94 Recently, Choi 
and coworkers adapted a procedure to produce porous carbon microspheres to include the 
addition of silicon nanoparticles.95 Ultrasonic nebulization of an aqueous sucrose solution 
containing silicon and silica nanoparticles followed by subsequent pyrolysis and HF etching 
produced porous carbon microspheres with embedded Si nanoparticles. This composite material 
was tested as an annode in a lithium ion battery since Si is known to have a large theoretical 





The incorporation of Si nanoparticles in the porous carbon network allowed room for the Si to 
expand during electrochemical cycling. The coupling of porous carbon for the development of 
battery electrode materials using USP has also produced microspheres incorporating MoO3 for  
lithium ion batteries,96 sulfur for lithium-sulfur batteries,97 and Na2FePO4F for sodium ion 
batteries.98 
Another templating method is to use precursor materials that form in situ templates upon 
reaction. For example, porous carbon microspheres have not only been produced through the use 
of colloidal templates, but also by in situ templates generated by the decomposition of the 
precursor materials. Porous carbon microspheres have been produced via USP using alkali 
carboxylates99 and sucrose100 as precursor materials. Salts generated by the decomposition of 
these precursors can act as templates for porosity which are dissolved away upon collection in a 
suitable solvent. Gaseous products generated by the precursor decomposition may also act as 
porogens. The nature of the precursor affects the nanostructure of the carbon microspheres. 
Figure 5.15 demonstrates the effect of using different alkali metal chloroacetates to produce very 
different structures in the resulting carbon microspheres. 
Despite the production of a variety of porous metal oxides by USP, porous iron oxide had 
not yet been successfully prepared until recently. Suslick and Overcash were able to produce 
highly porous iron oxide microspheres using ferritin core analogs (Spiro-Saltman balls) as the 
precursor material.101 When the precursor was prepared by mixing Fe(NO3)3 and Na2CO3, porous 
microspheres with a BET surface area of 301 m2g-1 were produced. In contrast, replacing 
Fe(NO3)3 with FeCl3 produces hollow porous spheres with a BET surface area of only 97 m2 g-1. 





pyrolysis by releasing gases (NOx) in situ. Mixing the iron salts produced microspheres with 
intermediate properties. 
Suslick and coworkers have also developed porous MnO2 microspheres for use as a 
supercapacitor material.102 Synthesis requires only a precursor solution of KMnO4 and HCl in  
water. Depending on the reaction temperature, porous or crystalline microspheres could be 
formed. The different microspheres produced by varying the temperature are shown in the TEM 
images in Figure 5.16. Optimized reaction conditions yielded microspheres which demonstrated 
a specific capacitance of 320 Fg-1. While the microspheres performed best at low charging and 
discharging rates, coating with poly(3,4-ethlenedioxythiophene) (PEDOT) improved the 
microsphere performance at higher charge/discharge rates. PEDOT microspheres themselves 
were also prepared by ultrasonic spray polmerization of a solution of EDOT and an oxidant.103 
The choice of oxidant affected the morphology of the microspheres, yielding either solid, hollow, 
and porous microspheres. The microspheres had a specific capacitance of 160 Fg-1, which is 
comparatively high relative to other reports of PEDOT materials. 
While generally microspherical morphology predominates the products of USP, 
Skrabalak and coworkers were able to produce crystalline nanoplates using USP. Through the 
combination of USP with a molten salt synthesis, NaInS2 nanoplates were prepared.104 To 
prepare these nanoplates, InCl3 and excess Na2S are combined in water and react to form In2S3 
nanoparticles and dissolved NaCl. Upon nebulization, the drolets are carried by a N2 stream into 
a 625 °C furnace. The water evaporates, leaving behind a molten salt flux. Within this flux, 
NaInS2 crystals nucleate and grow to form hexagonal plates. After collection, the salt flux was 
removed from the nanoparticles with with simple washing, yielding individual single-crystalline 





through a non-USP method. Without using USP, a similar reaction produced particles without 
any particular structure or size. The NaInS2 nanoplates were used to construct a photoanode. 
USP-produced NaInS2 photoanodes outperformed the non-USP samples. The coupling of USP 
and molten salt syntheses has been used to produce NaSbO3 nanoplates,105 Fe2O3 nanoplates,  
rhombohedra, and octahedra,106 and CoFe2O4 nanoplates and octahedra.107 With this technique, 
scalable flow chemistry can be used to produce unagglomerated, shaped colloidal particles. 
The method used by Skrabalak bears similarity to the salt-assisted aerosol decomposition 
technique developed by Okuyama and coworkers.108 This technique involves the production of 
nanoparticles via USP by preparing single salt or eutectic mixtures of alkali chlorides and 
nitrates along with the nanoparticle precursor salts so that nanoparticles could nucleate within the 
molten salt droplet during droplet heating. They reported the synthesis of Y2O3-ZrO2, Ni, Ag-Pd, 
CdS, ZnS, LiCoO2, La0.8Sr0.2Co0.5O3-x,108 and CeO2109 nanoparticles using this method, with 
these nanoparticles exhibiting higher crystallinity than particles produced without the additional 
salt. 
Another similar technique for the production of nanoparticles by USP is chemical aerosol 
flow synthesis (CAFS), a method developed by Suslick and Didenko.110 Rather than using salts 
and aqueous solutions, CAFS is performed with organic solvents. Precursor solutions are 
prepared with a solvent mixture composed of a high boiling solvent that will served to establish 
liquid droplets in the heated zone where nanoparticles can form and a low boiling solvent that 
can dilute the precursor so that it can be nebulized. This method was used to produce 
semiconducting nanoparticles (i.e., quantum dots) of CdS, CdSe, and CdTe. As a specific 
example, for the production of ternary CdTeSe quantum dots,111 the Cd and chalcogenide 





evaporates as the droplet is heated, and oleic acid-stabilized nanoparticles form in the hot 
droplets. Particle size could be changed by adjusting the temperature of the tube furnace, giving 
particles with emissions through the visible region. A blue shift in fluorescence was also 
observed for the ternary quantum dots due to photo-oxidation, as shown in Figure 5.18. The 
CAFS synthesis of ternary quantum dots allowed emissions to be tuned into the far red and 
infrared regions as well. 
 
5.3.2 Sonocrystallization and Sonofragmentation 
The application of ultrasound to the preparation of crystalline materials has been an area 
of interest since the 1950s.112 Sonocrystallization, using ultrasonic irradiation to aid in the 
crystallization of materials, is able to produce small crystals of uniform size distribution. The 
exact means by which ultrasonic irradiation aids in the crystallization of materials is not entirely 
clear; however, ultrasonic irradiation has been observed to reduce the induction time of crystal 
nucleation. Also, the width of the metastable zone, the region on a solubility graph between the 
temperature where equilibrium saturation is reached and the temperature where nucleation is 
observed, is reduced as well by the use of ultrasound.112 Bubble collapse may produce areas of 
increased concentration that may increase the rate of nucleation. Also, the cavitation bubble 
surface itself may serve as a site for heterogeneous nucleation of crystals. Secondary nucleation 
can result from the erosion of crystal surfaces during cavitation. 
Sonocrystallization has is a promising technique for the pharmaceutical industry. The size 
and uniform dispersity of pharmaceutical agents can be very important for its intended function, 
affecting the rate of solubility, how well the material can be delivered, and even its toxicity 





example, aerosol delivery of PAs has an optimal particle size, and for parenteral (e.g., 
intravenous) administration, crystals must be <5 µm to avoid embolisms. Sonocrystallization has 
been used to prepare crystals of acetylsalicylic acid,113 ibuprofen,114 cloxacillin benzathine,115 
and paracetamol116 in recent studies. For both the ibuprofen and paracetamol studies, 
sonocrystallization not only produced nano- and microcrystals, but these crystals exhibited better 
compactibility when forming tablets than conventionally made crystals. The properties 
responsible for improved compactibility are not entirely clear for either material, although in the 
case of the ibuprofen the researchers point to slight differences of the powder x-ray diffraction 
pattern from the reference crystalline material as an indication of possible differences of crystal 
habit. 
Suslick and coworkers recently developed a spray sonocrystallization method for the 
preparation of 2-carboxyphenyl salicylate (CPS).117 An ethanol solution of CPS was mixed with 
water, an antisolvent, while passing through a specially prepared ultrasonic horn with a hollowed 
bore, shown schematically in Figure 5.19. This produced well-dispersed crystals with an average 
size of 91 ± 5 nm. Crystals were also prepared in the presence of polyvinylpyrrolidone and 
sodium dodecyl sulfate to improve redispersibility after centrifugation. When ultrasound was 
replaced by mixing or when crystals were prepared without solvent flow, large crystals or 
aggregates were produced. Ultrasonic power, antisolvent flow rate, solvent flow rate, and the 
solvents used did not greatly influence the size of the particles produced by spray 
sonocrystallization. Only the initial concentration of CPS in the solvent seemed to affect the size 
of the crystals produced. From this, spray sonocrystallization seems like a robust flow method to 





The effects of ultrasound on crystalline materials area not only limited to the nucleation 
of crystals but also to the fragmentation of crystals in an ultrasonic field. The physical effects of 
ultrasound on a metal powder suspension were first investigated by Doktycz and Suslick78 and 
quantitatively explained by Prozorov and Suslick.79 Sonication of a slurry of zinc powder in 
decane produced fused agglomerations of particles. Figure 5.20 shows an example of two 
ultrasonically fused Zn particles. Fe, Sn, Cr, and Mo powders also produced fused particles when 
sonicated, but W powder did not. It was determined that this fusion was the result of interparticle 
collisions driven by cavitational shock waves. 
In contrast to metal particles (which are malleable), the sonication of molecular and ionic 
crystals (which are friable) as slurries results in fragmentation of the crystals. Suslick and 
coworkers conducted a series of experiments to determine the mechanism of 
sonofragmentation.118 To test the influence of interparticle collisions, different concentrations of 
aspirin crystals were suspended in decane and sonicated. Surprisingly, as Figure 5.21 shows, it 
was found that the average particle size after sonication for 10 s did not vary with initial particle 
concentration, as would have been expected if interparticle collisions were the predominant 
factor of sonofragmentation. Other experiments were conducted to decouple the horn from the 
crystal suspension and the suspension from the vessel walls. In both cases, only minimal 
differences were observed in particle size in comparison to the normally sonicated crystals, 
ruling out particle-horn and particle-wall interactions as predominating sonofragmentation. 
These results suggest that shock wave-particle interactions is the major contributor to 
sonofragmentation. 
A phenomenon related to sonocrystallization and sonofragmentation is the ability to 





the growth of NaClO3 crystals consisting predominantly of one enantiomer or the other if a 
supersaturated solution is ultrasonically irradiated to crystal nucleation and growth.119 Ultrasonic 
chiral symmetry breaking in the crystallized portion is thought to be a modified example of 
Viedma ripening,120 where instead of mechanically grinding the crystals, ultrasound is used to 
reduce crystal size, i.e. sonofragmentation.  In an experimental comparison of deracemization of 
NaClO3 by ultrasound and by glass bead grinding, Stefanidis and coworkers subjected racemic 
suspension of crystals to one of the two methods.121 The crystals exposed to ultrasound showed a 
faster initial rate of deracemization, but leveled out before reaching enantiomeric purity. The 
leveling was attributed to the particles all reaching uniform minimum size. The addition of 
enantiomerically pure crystals to an ultrasonically irradiated slurry resumed the 
deracemerization, and enantiomeric purity could be reached in this manner. 
Coquerel and coworkers were able to demonstrate the deracemization of chiral organic 
crystals.122 They synthesized a precursor of Paclobutrazol, a plant growth inhibitor and 
fungicide. The prepared crystals were suspended in a methanol-water mixture with NaOH as a 
racemizing agent for the compound. Experiments were both conducted by mixing the crystal 
suspensions with glass beads and ultrasonically irradiating the crystal suspensions. For these 
crystals, ultrasound was able to completely deracemize samples, and using ultrasound was faster 
than glass bead abrasion. The rate of deracemization was also found to increase with increasing 
power of ultrasound applied to the suspensions. 
The bulk convection of liquids resulting from cavitation is potentially useful for the self-
assembly of colloidal crystals. The formation of colloidal crystals requires a particle to have 
sufficient energy to move around until it can find a stable configuration relative to the other 





the self-assembly of colloidal crystals, but larger particles tend to settle due to gravitational 
effects before a thermodynamically stable configuration can be arranged. Thus, other more 
complicated methods are usually required to direct the self-assembly of non-Brownian (i.e., 
larger) particles. The agitation provided by low power ultrasonic irradiation, may serve as an 
alternative means for larger particles to self-assemble by sedimentation. For example, the use of 
ultrasonic agitation to facilitate the formation of colloidal crystals was successfully demonstrated 
by Lash and coworkers.123 Ultrasound provides two main advantages in this application. The 
force exerted by the acoustic waves can counter gravitational effects on particles, allowing the 
particles to move both macroscopically and microscopically. Second, the convection caused by 
cavitation also facilitates particle motion and collisions, which enhances the rate at which 
colloidal crystals form. When the ultrasonic amplitude is optimally set, the particles cluster 
together in a mechanism similar to inelastic collapse, where collision and viscous dissipation 
promote the formation of crystalline structures. Both Brownian and non-Brownian crystals can 
be formed on the order of minutes.   
 
5.3.3 Sonochemically Produced Protein Microspheres 
The sonochemical production of oil- and gas-filled protein microspheres is an example of 
both the physical and chemical effects of ultrasound being used to create a nanostructured 
material.124 When a mixture of oil and water are irradiated by high intensity ultrasound, the 
turbulence generated can produce an emulsion. When an aqueous protein solution is sonicated 
with an immiscible liquid, protein microspheres are formed. As the oil is emulsified into droplets 
within the water, proteins attach to the oil-water interface. Meanwhile, cavitation is producing 





formed, and these radicals crosslink the proteins through the formation of disulfide bonds. Thus, 
non-aqueous materials can be encapsulated in a thin, robust protein shell. If an ultrasonic probe 
is applied to the surface of a protein solution, a thin protein shell can similarly encapsulate gas 
bubbles.125 The proteins composing the shell of the microsphere are not denatured by the process 
of shell formation. 
Air- and oil-filled protein microspheres have been greatly studied for possible 
applications in drug delivery and medical imaging. Gas-filled protein microspheres can be used 
as a contrast agent for medical sonography.125 Albunex® and Optison® are commercially 
available sonographic contrast agents composed of a protein microsphere encapsulating air or 
octafluoropropane, respectively.126,127 
Protein microspheres have been used to encapsulate hydrophobic drugs to be used as passive 
delivery agents.128-130 Most notably, VivoRx Pharmaceuticals commercialized Abraxane™, 
albumin microspheres with a paclitaxel core, which is the predominant current delivery system 
for taxol chemotherapy for breast cancer;131 VivoRx became Abraxis Bioscience, which was 
acquired recently by Celgene for $2.9 billion. 
The surface of protein microspheres can be modified post synthesis using layer-by-layer 
techniques.132 This technique was used to noncovalently attach peptides made to target integrin 
proteins overexpressed in some tumor types. The incorporation of gold, carbon, and melanin 
nanoparticles into the core or shell of the protein microspheres produced contrast agents for 
optical coherence tomography.133 The inclusion of dyes or iron oxide nanoparticles in the oil 






The sonochemical synthesis of albumin protein microspheres has inspired the use of 
ultrasound to make microcapsules of different proteins, other biopolymers, and even synthetic 
polymers. Using ultrasound to produce microspheres does not necessarily need to form covalent 
crosslinks in order to form somewhat stable microspheres. Biopolymer-stabilized emulsion 
droplets can be held together by noncovalent interactions (e.g. hydrogen bonding, hydrophobic 
interactions, and electrostatic interactions) in a manner similar to particle-stabilized Pickering 
emulsions.135 Avivi and Gedanken were able to produce streptavidin microspheres despite the 
fact that streptavidin does not contain cysteine residues. The microspheres did not form under 
neutral pH but rather in a slightly acidic (pH 6.0) solution, which the authors attributed to 
hydrophobic interactions stabilizing the microspheres. 
Suslick and coworkers were able to similarly use sodium polyglutamate (SPG) to form 
microspheres at neutral pH.136 The presence of added radical scavengers did not affect the 
formation of the SPG microspheres, and MALDI-MS analysis showed no difference between 
sonicated and unsonicated SPG, thus showing that covalent bonding did not seem to be 
responsible in microsphere formation. Rather, hydrogen bonding is an important factor in the 
stabilization of SPG microspheres. To test whether hydrogen bonding or ion pairing influence 
microsphere stability, the ionic strength of the SPG solution was adjusted by the addition of 
NaNO3. Even moderate increases in ionic strength (e.g., adding small 0.1 M NaNO3), which 
disrupts hydrogen bonding, significantly diminished microsphere stability and formation. 
Despite the effect of moderate ionic strength on microsphere formation, if microspheres were 
washed to remove excess counter ions, they were stable when placed in physiological condition 





microspheres was demonstrated by encapsulating and subsequently removing toluene, as shown 
in Figure 5.22. The SPG shell wrinkled like a raisin, but still maintained its integrity. 
While polypeptides with and without disulfide crosslinking have been shown to make 
stable microspheres using ultrasound, there have also been examples of using different 
biopolymers to sonochemcially form core-shell microspheres. Tzanov and coworkers have made 
covalently cross-linked nanocapsules using thiolated chitosan.137 Like the protein microspheres, 
the thiolated chitosan nanocapsules are stabilized by the formation of disulfide bonds. It was 
shown that a higher degree of disulfide bond formation could be achieved through increasing the 
pH of the reactant solution and increasing the degree of chitosan thiolation, resulting in 
nanocapsules that showed a greater stability against lysozyme degradation. The nanocapsules 
ranged in size from 250 to 570 nm in diameter, depending on the reaction conditions. 
Research interest in sonochemically produced protein microcapsules has recently spread 
to include the remediation of heavy metal-contaminated water.138 Waters and coworkers tested 
protein microspheres made from bovine serum albumin and chicken egg white protein, both 
proteins high in cysteine residues, as a means to remove copper ions from an aqueous solution. 
This idea was inspired from solvent extraction methods that use air bubble to increase the surface 
area between the aqueous solution and the extracting solvent. The cysteine residues, which allow 
for protein crosslinking in the sonochemical production of protein microspheres, should also 
have the ability to sorb metal ions.  Air-filled protein microbubbles were prepared according to 
the Suslick method, and they were placed in an aqueous solution of copper(II) sulfate. A series of 
experiments varying temperature, copper concentration, microsphere concentration, and pH were 
conducted to determine the utility and optimum conditions of protein microbubble metal ion 





that thiol, amine, amide, and carboxylate functional groups present on the surface of the 
microbubbles, and that all were involved in the sorption of copper ions. Under the best 
conditions tested, 10 g/L microspheres were able to remove 80 % of copper ions from a solution 
of 1 g/L copper. Higher loading of microspheres actually resulted in poorer copper removal, 
possibly due to the formation of microsphere aggregates.  
 
5.4 Conclusions 
High intensity ultrasound can be a powerful tool for the production of nanostructured 
materials, in large part stemming from the intense local conditions generated by acoustic 
cavitation.  Such cavitation hot spots can be used to perform chemical reactions that can produce 
and modify materials. Ultrasound and cavitation also physically affect an irradiated fluid, 
causing increased mixing and shearing, heating, shock waves, microjets, and droplet 
nebulization. These processes can affect reaction rates, crystallization, and particle size. This 
complex variety of chemical and physical effects of ultrasound can be used in a multitude of 
ways by a discerning chemist, resulting in the wide range of nanostructured materials produced 
by sonochemical and ultrasound-assisted methods. 
 
5.5 Dissertation Overview 
 Part II of this thesis focuses on the use of USP to make and study nanostructured 
materials. The physical effects of ultrasound are of primary importance for this work, and I 
explore how the generation of a mist with droplets of relatively uniform size can be used both to 





In Chapter 6, various metal borate microspheres are made via USP. I show that varying 
the composition of the precursor solution affects the morphology of the microspheres produced 
and that hollow microspheres with very thin shells can be produced under certain conditions. I 
also show that changing the metal species in the precursor solution also affects product 
morphology. Additionally, nickel and cobalt borate microspheres are tested as catalysts for the 
oxygen evolution reaction. 
Chapter 7 demonstrate the use of an ultrasonically generated mist of a nanoparticle 
suspension to prepare samples for transmission electron microscopy analysis. It is shown that 
depositing a nebulized mist of particles is gentler than traditional drop casting methods. 
Additionally, the nanoparticle concentration can be adjusted to adjust the number of 
nanoparticles per droplet due to the relative uniformity of ultrasonically nebulized droplets, and 
the number of particles deposited per droplet can be used to estimate the concentration of the 








Figure 5.1 Graphical representation of the growth and collapse of acoustic cavitation bubbles. 
As a liquid is irradiated with ultrasound, it is subjected to periodic compression and rarefaction 
(a). Bubbles formed in the liquid undergo expansion and compression and the size of the bubble 
oscillates until resonance occurs and implosive collapse follows (b). Reproduced with permission 







Figure 5.2 A graph showing the “islands of chemistry,” a graphical comparison of the timescale, 
energy, and pressure of various chemical processes. As shown on the graph, sonochemistry is a 
comparatively fast, high-energy, and high-pressure process. These conditions allow for the 
sonochemical production of various materials. Reproduced with permission from ref. 1. 







Figure 5.3 This chart shows how the various physical and chemical aspects of ultrasound can be 
used in the production of nanostructured materials. Reproduced with permission from ref. 1. 







Figure 5.4 a) TEM showing sonochemically produced amorphous iron nanoparticles. b) SEM of 
agglomerated amorphous iron nanoparticles. c) The electron diffraction pattern of the as-
produced iron colloid demonstrates its amorphous nature. d) Heating from the electron beam 
induces crystallization in situ, as can be seen in the change of the electron diffraction pattern. 







Figure 5.5 TEM images of hollow hematite nanoparticles prepared sonochemically from iron 
pentacarbonyl and carbon nanoparticles in hexadecane. a) Bright field TEM and b) dark field 
TEM images show the nanoparticles and their hollow cores. The inset shows the selected-area 
electron diffraction pattern, demonstrating the crystalline nature of the nanoparticles. 







Figure 5.6 A graph of gold nanoparticle size as a function of ultrasonic frequency. The particles 
size is minimized at 213 kHz, which corresponds to the maximum rate of Au(III) reduction 
observed at the same frequency. Reproduced with permission from ref. 19. Copyright 2005 







Figure 5.7 ZnO/CdS hierarchical heterostructures. a) SEM image showing CdS nanoparticles 
incorporated into the porous ZnO structure. b) TEM of the ZnO/CdS hierarchical 
heterostructures. c) High resolution TEM showing the heterojunction between a ZnO nanosheet 
and a CdS nanoparticle. The interface does not show any buffer layers. d) Powder XRD pattern 
of the ZnO/CdS structures includes peaks from both phases. Reproduced with permission from 







Figure 5.8 a, b) SEM images showing the cubic structure of the Ag/AgCL particles. c) A 
histogram of the distribution of particle edge lengths. d) The X-ray diffraction pattern of the 
Ag/AgCl particles is shown. The peaks match a cubic phase of AgCl, with the corresponding 
planes labeled. The arrow points to a weak peak that matches the Ag(111) plane. Reproduced 







Figure 5.9 TEM images showing a) single-layer and b) trilayer polystyrene-functionalized 
graphene prepared sonochemically. The insets in each image show the selected area electron 
diffraction patterns of the graphene samples, confirming the specimen structure. Reproduced 







Figure 5.10 a) Schematic diagram of proposed sonochemical synthesis of carbon nanodots from 
aqueous citric acid. It was proposed that d roplets containing citric acid are injected into 
collapsing cavitation bubbles, where the solvent is quickly evaporated and the citric acid 
pyrolyzed in the extreme sonochemical conditions, thus forming carbon dots. b) UV/Vis 
absorption spectrum and c) emission spectra of sonochemical carbon dots from various 








Figure 5.11 SEM images demonstrating the effect of ultrasound on the precipitation of ZnO 
materials. In a) and c) ultrasound was not used, resulting in ZnO precipitates that vary widely in 
size and structure. In contrast, b) and d) show ZnO precipitates that were produced with 
sonication. The particles show a more uniform size distribution and exhibit nanosheet structures 
at higher magnification (as in d). The authors attribute these differences in morphology to the 
enhanced mixing caused by ultrasound, minimizing local inhomogeneous diffusion and 








Figure 5.12 Simplified diagram of the apparatus used for ultrasonic spray pyrolysis. The 








Figure 5.13 The size of PDMS (polydimethylsiloxane) microspheres can be controlled by 
varying the concentration of PDMS in the precursor solution. These SEM images show PDMS 
microspheres prepared using a) 4 mg mL-1, c) 20 mg mL-1, e) 100 mg mL-1 PDMS in hexanes.  
b,d,f) Size distributions of microspheres shown in (a,c,e), respectively. Reproduced with 







Figure 5.14 Electron microscope images of ball-in-ball hollow titania microspheres produced by 
USP. a) SEM images of titania and silica microspheres as prepared by USP and B) after HF 
etching. c) SEM of silica and titania microspheres prepared with cobalt shows cobalt oxide 
particles on the surface of the microsphere, and d) the microspheres after etching. The ball-in-
ball morphology of the etched titania/cobalt oxide microspheres is demonstrated by e) SEM and 








Figure 5.15 SEM images of porous carbon microspheres produced by USP. The different 
morphologies of the microspheres result from the use of different precursor materials: a) lithium 
chloroacetate (LiCA), b) NaCA, c) KCA, d) lithium dichloroacetate (LiDCA), e) NaDCA, and f) 







Figure 5.16 The morphology of MnO2 microspheres produced via USP varies according to 
reaction temperature, as demonstrated by comparison of materials produced at (a-e) 150 °C and 
(f-j) 500 °C. As shown in the (c-d, h-i) TEM images, increasing the reaction temperature causes 
the formation of larger crystals. Also shown are (b, g) SEM images, and (e, j) electron diffraction 
patterns. Reproduced with permission from ref. 102. Copyright 2015 Wiley-VCH Verlag GmbH 







Figure 5.17 A comparison of NaInS2 produced by conventional means and molten salt-assisted 
USP. a) SEM and b) TEM images of the nanoplates produced via USP show the hexagonal shape 
of the nanoplates, and the inset electron diffraction pattern in B demonstrates the single-
crystalline nature of the nanoplates. c) An SEM image of NaInS2 prepared through a non-USP 
method for comparison. d) X-ray diffraction patterns of the USP and non-USP materials, as well 
as a reference for comparison. Reproduced with permission from ref. 104. Copyright 2012 







Figure 5.18 USP prepared CdTeSe quantum dots exhibited a blue-shift in fluorescence due to 
photo-oxidation. The a) photoluminescence spectra and b) photographs show the change in 
fluorescence with time as the CdTeSe quantum dots are exposed to light and air. Reproduced 







Figure 5.19 A schematic diagram showing the apparatus used for spray sonocrystallization. A 
solution of the material to be crystallized is pumped through a tapped ultrasonic horn into a 
mixing cell full of a flowing antisolvent. Reproduced with permission from ref. 117. Copyright 







Figure 5.20 SEM image showing two fused Zn metal particles. A Zn powder slurry in decane 
was irradiated with ultrasound, and the resulting shock waves caused interparticle collisions with 
enough force to fuse the metal particles together. Reproduced with permission from ref. 78. 







Figure 5.21 A graph showing the volume of aspirin crystals as a function of total crystal mass 
loading as a suspension in dodecane after 10 s of sonication at 5.5 W. The negligible effect of 
mass loading on the final volume of the crystals is evidence against interparticle collisions as a 
major contributing mechanism to the sonofragmentation of molecular crystals. Reproduced with 







Figure 5.22 TEM image (left) showing a cross-sectional view of vegetable oil-filled sodium 
polyglutamate microspheres. SEM image (right) of a single sodium polyglutamate microsphere 
that was prepared using a mixture of toluene and vegetable oil. As the toluene is evacuated, the 
microsphere contracts, but the shell maintains integrity, demonstrating its robust nature despite 
the lack of covalent crosslinking. Reproduced with permission from ref. 136. Copyright 2006 
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CHAPTER 6: HOLLOW METAL BORATE MICROSPHERES PREPARED 
USING ULTRASONIC SPRAY PYROLYSIS 
 
6.1 Abstract 
 Ultrasonic spray pyrolysis was used to make various metal borate microspheres. Varying 
the composition of the precursor solution yielded microspherical products with different 
morphologies. Hollow magnesium borate microspheres were produced with thin, hollow shells. 
Nickel and cobalt borate microspheres were also produced by changing the metal salt in the 
precursor solution. These microspheres exhibited some catalytic activity for the oxygen 
evolution reaction (OER). 
 
6.2 Introduction 
Ultrasonic spray pyrolysis (USP) is a well-studied technique that has been used to 
produce a variety of nanostructured and porous materials.1-24 The nanostructured materials 
produced using USP have found utility in a wide range of applications, including energy storage, 
catalysis, and medicine. The USP process uses ultrasonic irradiation of a liquid to produce a 
nebulized mist composed of micron-sized droplets. As a droplet moves through a heated region, 
pyrolysis occurs. Through the choice of precursor materials, carrier gas, temperature, and other 
reaction parameters, uniform materials can be produced with uniform size and porosity in a 
continuous flow process that is easily scalable. 
Porous nano- and micromaterials materials can also be very useful in making composites 
with tailored chemical and physical properties. Thin-shell, hollow microspheres in particular 





density of a material while maintaining its bulk strength. These composites are known as 
syntactic foams.25-29 The most prevalent filler material in syntactic foams is cenospheres, i.e. 
glass microballoons. Cenospheres are thin-shell, hollow silicate particles that are mainly 
produced as a byproduct in the flue gas from coal fired power plants. Cenospheres can be 
anywhere from 5 to 500 µm in diameter.30 
In this chapter, I describe the production and characterization of hollow, thin-shell metal 
borate microspheres using USP. Using a precursor containing a magnesium salt, relatively 
uniformly sized microspheres with thin shells were produced. Using a nickel or cobalt salt 
produced microspheres with a rougher texture that showed some catatlytic activity when tested 




Magnesium nitrate hexahydrate, 99%, cobalt(II) nitrate hexahydrate, 98%, and calcium 
nitrate tetrahydrate, 99%, were purchased from Sigma-Aldrich. Boric acid, 99%, was purchased 
from EM Science. Magnesium chloride, anhydrous, 98%, was purchased from Sigma. Ethanol, 
200 proof, was purchased from Decon Labs. Sodium borate was purchased Mallickrodt. 
Nickel(II) nitrate hexahydrate, 99%, was purchased from Baker Chemical Co. All chemicals 
were used as received. 
 
 
6.3.2 Magnesium Borate Microspheres 





For our USP preparation a similar formulation was examined. A solution was prepared by 
combining 0.20 g magnesium nitrate hexahydrate and 0.30 g sodium borate decahydrate in 
deionized water to form a 20 mL solution. The solution was then placed in the nebulization cell 
of a USP apparatus (see Figure 5.12). Nitrogen was used as the carrier gas for the reaction and 
was flowed through the system at a rate of 1 L min-1. A 1.65 mHz ultrasonic transducer was used 
to nebulize the solution, and the nebulized droplets flowed through a vertical tubed heated to 
300-700 °C. For a given reaction the temperature was kept constant. The resulting product was 
collected by a series of bubblers filled with 100% ethanol. After the reaction was complete, the 
suspension in the bubblers was centrifuged and washed with ethanol three times. 
 Alternatively, solutions were also prepared using ethanol as the solvent instead of water. 
Solutions were prepared by dissolving 0.21 g boric acid and 0.22 g magnesium nitrate 
hexahydrate in ethanol for a solution volume of 18 mL. The metal ion to boron stoichiometric 
ratio was maintained compared to the aqueous solution. The ethanol solution was nebulized 
using the USP apparatus in a similar manner as the aqueous solutions. The flow rate of the 
nitrogen carrier gas was 1.0 L min-1 and the furnace was heated within a range of 300-800 °C. 
The product was collected in ethanol bubblers and centrifuged in the same manner as the product 
obtained from the aqueous precursor. 
 
6.3.3 Calcium, Nickel, and Cobalt Borate Microspheres 
 Other microspheres were produced by replacing the magnesium salt in the precursor 
solution with a different salt. Using calcium nitrate tetrahydrate in place of magnesium nitrate, a 
20 mL solution was prepared by dissolving 0.19 g calcium salt with 0.20 g boric acid in ethanol. 





flowing at 1.0 L min-1. Hollow microspheres were successfully produced when the furnace 
temperature was set at 500-600 °C. The product was collected and washed using the same 
procedure as for the magnesium borate microspheres. 
 Cobalt and nickel salts were also used as alternatives to magnesium. Nickel borate 
microspheres were produced by dissolving 0.49 g nickel(II) nitrate hexahydrate and 0.42 g boric 
acid in ethanol to form a 30 mL solution. The solution was nebulized using the USP apparatus 
and carried by nitrogen gas flowing at 0.5 L min-1 through a furnace at 500 °C. To make cobalt 
borate microspheres a similar procedure was used, where 0.50 g cobalt(II) nitrate hexahydrate 
and 0.42 g boric acid were dissolved in ethanol to make a 30 mL solution. Nitrogen was used as 
the carrier gas at 1.0 L min-1, and the furnace temperature was 500 °C. Both nickel- and cobalt-
containing products were washed using the same procedure described above. 
 
6.3.4 Analysis and Characterization 
 The products were analyzed using scanning electron microscopy (SEM) on both a Hitachi 
S-4700 and a Hitachi S-4800 scanning electron microscope. Energy dispersive x-ray 
spectroscopy (EDS) was performed using an iXRF EDS elemental analysis system with an 
Oxford Instruments Si(Li) detector. To prepare samples for SEM analysis, a small amount of the 
product was dispersed in ethanol to make a dilute suspension. A pipet was used to deposit a drop 
of the dilute sample suspension onto a clean silicon chip, and the ethanol was allowed to 
evaporate. Samples were sputter coated with a gold-palladium alloy prior to SEM analysis. 







6.3.5 Electrochemical Analysis 
Prior to electrochemical measurements, a small amount of the the nickel or cobalt borate 
microspheres were mixed with carbon black and deposited on an electrode. Cyclic Voltammetry 
experiments were performed using a CH Instruments 760D Bipotentiostat with a platinum 
counter electrode and a Ag/AgCl reference electrode. The samples were tested in 1 M NaOH 
(aq). The voltammetry was IR corrected and reported with respect to the reversible hydrogen 
electrode (RHE). 
 
6.4 Results and Discussion 
6.4.1 Properties and Morphology 
In the work by Chen and coworkers, polyvinylpyrrolidone (PVP) was used as a surface 
binding agent to make magnesium borate particles with flower-like shapes.31 We did not use 
PVP when we made our initial aqueous precursor solutions, instead relying on the USP process 
to template microspherical particles in the heated droplet. The product collected was a white 
powder. SEM images of particles obtained using an aqueous precursor are shown in Figure 6.1a. 
The particles appear to be porous. When magnesium nitrate was replaced with calcium nitrate, a 
precipitate formed in the precursor solution. A variety of different reagents and solvents were 
tested for solubility, and it was found that using metal nitrate salts, boric acid, and ethanol 
produced precursor solutions that nebulized well and did not form precipitates before 
nebulization. 
 Using magnesium nitrate in the ethanol-based precursor solution, the product was 
collected as a white powder. Interestingly, it was observed that a large fraction of the product 





solvent can be isolated and washed by centrifuging and removing the supernatant from a product 
pellet, to collect the floating product a syringe was used to carefully remove the washing solvent 
following gentle centrifugation to partition the product to the liquid surface. Under SEM 
analysis, it was found that the floating product was composed of hollow microspheres with very 
thin shells, as shown in Figure 6.1c. In Figure 6.1d, a close-up of the edge of a broken 
microsphere shell reveals that the shell thickness less than 100 nm. The shells tend to have a 
smooth surface or slightly bumpy, and high magnification of the surface show that the surface 
has a very fine granular texture. The hollow microspheres themselves are about 5 µm, which is 
comparable to the original size of the nebulized droplet as calculated by the Lang equation (Eqn 
5.8). 
As can be seen in Figure 6.1c, there are also many smaller microspheres that appear to be 
solid rather than hollow. Among other reports of hollow shell microspheres produced with spray 
pyrolysis techniques,32-34 the formation of a thin hollow shell is thought to be due to a 
concentration gradient that forms as the solvent evaporates from the droplet. The surface of the 
droplet then becomes concentrated enough in the solute to precipitate, forming a shell. 
Disruptions to the droplet surface and interior buildup of gases can cause the shell to break, 
whereupon the pieces may condense or aggregate to form smaller clusters, or they may remain as 
fragments in the final product. Depending on the reaction conditions, a mixture of hollow 
microspheres, condensed microspheres, and shell fragments were observed. The decomposition 
of nitrate may also play a role in the formation of the hollow microspheres. 
EDS analysis and XRD were used to better understand the composition of the hollow 
magnesium borate microspheres. The results are shown in Figure 6.2. EDS analysis of the 





powder diffraction results show two very broad peaks, centered at 35° and 43°. The lack of 
defined peaks indicates that the microsphere shells are amorphous. Similar amorphous alkali and 
alkaline earth borate materials have been made using spray pyrolysis or similar techniques.35,36 
Borates can form complex glassy networks similar to silicate glasses. Borates, however, are more 
soluble in water than silicate glasses. The magnesium and calcium borate microspheres were 
insoluble in the ethanol they were collected and washed in, but upon transferring to deionized 
water the microspheres quickly dissolved. 
 
6.4.2 Nickel and Cobalt Borate Microspheres 
 Both the magnesium and calcium precursors produced hollow microspheres. To see if 
hollow microspheres could be produced with different metals outside of the alkaline earth group, 
precursor solutions were prepared using nickel(II) nitrate and cobalt(II) nitrate. These metals 
were chosen in part because Nocera and coworkers had reported using nickel and cobalt borate 
materials as catalysts for the oxygen evolution reaction (OER):37,38 
 
 2H2O → 4H+ + 4e- + O2 (6.1) 
 
 Unlike the alkaline earth metal borate microspheres, which appeared as a white powder, 
the products collected using nickel and cobalt were dark gray. The products were also more 
stable in water than the alkaline earth borate products. Figure 6.3 shows representative SEM 
images of cobalt and nickel microspheres. In both cases, the microspheres produced using the 
transition metals have a smaller average diameter than the alkaline earth microspheres, especially 





structure, but the microsphere surface is rougher than magnesium borate microspheres with 
many spiky or wiry features. The cobalt borate microspheres, on the other hand, appear more 
compact. They have a rough surface and appear to have a coarse porosity, but they lack the thin-
shell hollow morphology. 
 Cyclic voltammetry was used to evaluate the catalytic ability of the nickel and cobalt 
borate microspheres. The voltammograms are shown in Figure 6.4. The thermodynamic potential 
of the OER is 1.23 V, but the four electron process requires a high overpotential to proceed. The 
nickel and cobalt microspheres catalyzed the reaction with about 400 mV overpotential. This 
overpotential is comparable to similar materials.37-40 The performance of the materials as OER 
catalysts could possibly be improved by altering the synthesis to make microspheres with higher 
surface area. Adjusting the temperature of the USP furnace tended to have little effect on particle 
morphology. Using different salts or templating materials like PVP in the precursor solution may 
affect particle morphology. 
 
6.4.3 Possible Applications of Metal Borate Microspheres 
 The most relevant application for the thin shell magnesium borate microspheres is likely 
in the formation of syntactic foams, similar to the cenospheres currently used. In comparison to 
cenospheres, the magnesium borate microspheres are much more uniform in size; however, for 
most syntactic foam applications, the uniformity of the cenospheres does not seem to be an 
important factor, as their purpose is only the bulk lightweighting of the composite. Additionally, 
cenospheres from fly ash are currently easily obtained and cheap due to the high number of coal-
fire power plants operating. As these powerplants become less prevalent in the future, spray 





microballoons. There are some reports of using USP to make silica glass microballoons.41,42 
 When cenospheres are incorporated into a composite matrix, they form a series of closed, 
microspherical voids. Magnesium borate microspheres, on the other hand, dissolve in water. It 
may be possible to use these microspheres to template composites with usable porous space by 
dissolving the microsphere shell following the formation of the composite. 
 An area of high interest in the applications of cenospheres is the use of metal-coated 
cenospheres to make conductive syntactic foams. These conductive composites can provide 
electromagnetic interference (EMI) shielding while not adding as much weight to a device as 
traditional metal shielding.43 Additionally, these types of materials can be used for microwave 
absorption and anti-radar coatings. Cenospheres require additional processing to acquire a 
conductive coating.30,44 USP may provide a method to incorporate a conductive coating with a 
hollow glass or magnesium borate microsphere. To that end, I have tried incorporating silver 
salts in the precursor solution for magnesium borate microspheres for subsequent reduction, but 
the experiments have not yielded conductive particles. USP has been used to produce metallic 
shell microspheres,7,45 and further investigation into the suitability of these materials in syntactic 
foams is warranted. Another possible method is to incorporate metallic nanoparticles in the 
precursor solution to make nanoparticle-decorated microspheres. 
 
6.5 Conclusions 
 USP has been used to make metal borate microspheres. Using alkaline earth metals like 
magnesium and calcium, thin-shell, hollow microspheres of amorphous metal borates are 
formed. By changing the metal used to nickel and cobalt, the morphology of the microspheres 





comparable to other nickel and cobalt based catalyst for the OER. Thin shell microspheres are 
currently of great interest for making lightweight composites, and USP is a good method for 
producing porous materials with tailored properties. Future work using USP to make hollow 
microspheres incorporating conductive shells in a single-step, scalable method may be useful for 
EMI shielding applications. 
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Figure 6.1 SEM Images of hollow microspheres. a) Porous microspheres prepared using an 
aqueous solution of magnesium nitrate and sodium borate. The microspheres appear porous, but 
not hollow. b) Hollow microspheres prepared in ethanol using calcium nitrate and boric acid in 
the precursor solution. c) Hollow microspheres prepared using magnesium nitrate and boric acid 
in an ethanol precursor solution. d) A close view of the shell of a magnesium borate microsphere 







Figure 6.2 Analysis of magnesium borate microspheres. The red box in the SEM shown in a) 
was scanned using EDS, and the resulting spectrum is shown in b), where peaks are present 
indicating the presence of boron, oxygen, and magnesium. The silicon peak is due to the use of a 







Figure 6.3 SEM images showing a) nickel borate and b) cobalt borate microspheres. The metal 
salt used has an influence on the morphology of the microspheres, with both of these samples 
showing rougher surfaces than the magnesium borate microspheres. The nickel borate 







Figure 6.4 Cyclic voltammograms of the nickel and cobalt borate microspheres catalyzing the 
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CHAPTER 7: ULTRASONIC NEBULIZATION FOR TEM SAMPLE 




 Advances in transmission electron microscopy (TEM) are rapidly improving researchers’ 
ability to probe the morphology, structure, and chemistry of nanoparticles. There remains, 
however, a need for methods of TEM sample preparation that give better control over the 
distribution of nanoparticles on the TEM grid and are more compatible with novel support 
materials. Ultrasonic spray coating using ultrasonic nebulization can deposit nanoparticles 
evenly on a TEM grid without many of the drying artifacts that are often caused by drop-casting. 
Spray coating is suitable for preparing TEM samples on fragile support materials like graphene 
that are likely to rupture when samples are prepared by drop-casting. Additionally, because 
ultrasonic nebulization produces uniform droplets, nanoparticles deposited by spray coating 
occur on the TEM grid in clusters whose size is dependent on the concentration of the 
nanoparticle dispersion, which may allow the concentration of nanoparticle dispersions to be 
estimated using TEM. 
 
7.2 Introduction 
 Transmission electron microscopy (TEM) is one of the most powerful and versatile tools 
for the analysis and characterization of nanomaterials. It is the gold standard for characterizing 
nanoparticle morphology.1 While a number of techniques have been developed to size 
                                                





nanoparticles,2 the ability to directly visualize nanoparticles via TEM sets it apart, especially for 
nonspherical nanoparticles.1-3 Beyond nanoparticle size and shape, visualizing nanoparticles with 
TEM has also proven to be important for studying the structure of nanoparticles.1,4,5 Through the 
use of techniques such as staining6 or cryo-TEM,1,7 it has even been possible to study the 
morphology of ligands and soft coatings on nanoparticles. Combining scanning TEM (STEM) 
with spectroscopic techniques such as energy dispersive spectroscopy (STEM-EDS)8 or electron 
energy loss spectroscopy (STEM-EELS)9 can reveal the spatial distribution of elements in 
nanoparticles or on their surfaces.10 In recent years, advances in analytical TEM have boomed, 
and the resolution and sensitivity of analytical TEM techniques are constantly, rapidly 
improving. 
 In contrast to the increasingly complex measurements available using analytical TEM, 
sample preparation of colloidal nanoparticles has remained surprisingly unsophisticated. Most 
commonly dispersions of nanoparticles are drop-cast onto a thin film supported on a TEM grid 
and the solvent is allowed to evaporate.11,12 While drop-casting is perfectly suitable for many 
samples, it often introduces drying artifacts, with the nanoparticles tending to form aggregates—
especially at the edge of the drying drop leading to “coffee-ring” effects.3,11,13,14 Besides making 
it difficult to distinguish nanoparticle aggregates formed during drying from those that were 
present in solution, drying effects also introduce bias in the analysis of nanoparticles as drying 
can induce depletion forces between nanoparticles,15 causing similar nanoparticles to be found 
close to one another.16 Furthermore, drop-casting is not suitable for every type of support film. 
For instance, graphene is emerging as an excellent support material for analytical TEM since it is 
only one atomic-layer thick, providing unparalleled contrast and allowing the analysis of 





Its well-defined thickness provides a background with known carbon density, allowing 
spectroscopic techniques like STEM-EELS to be performed quantitatively. Unfortunately, 
depositing water droplets on graphene can cause it to rupture.18 Therefore, drop-casting aqueous 
nanoparticles onto graphene coated TEM grids, which are often expensive and labor-intensive to 
produce, is often impractical.  
Here we describe a technique for TEM sample preparation that utilizes ultrasonic 
nebulization to spray coat nanoparticles onto the TEM grid. Ultrasonic spray coating is a method 
that has been widely used to deposit particle and polymer coatings on surfaces.19-26 While a 
colloidal dispersion can be nebulized in a variety of ways, ultrasonic nebulization is a convenient 
method.27-30 In an ultrasonic nebulizer, a transducer generates an ultrasonic frequency in a liquid. 
At sufficiently high power, droplets are ejected from capillary waves on the surface of the liquid, 
generating a mist.31 When nanoparticles are deposited as an ultrafine (micron-sized) mist, if the 
nanoparticle concentration is low enough then there are few nanoparticles per droplet, which 
avoids the drying artifacts associated with drop-casting. In this study, we demonstrate that spray 
coating can be used to prepare TEM samples of aqueous nanoparticles even on fragile supports 
like graphene. In addition it is usually not possible to measure nanoparticle concentration using 
TEM.2 In the case of ultrasonic deposition, the droplets generated using ultrasound are 
reasonably uniform in size, and we find that spray coating can provide an easy estimation of 











Cetyltrimethylammonium bromide (CTAB), 99%, was purchased from Sigma. Hydrogen 
tetrachloroaurate (HAuCl4 • 3H2O), 99.9%; and tetraethyl orthosilicate (TEOS), 99.0% were 
purchased from Aldrich. Sodium hydroxide (NaOH), silver nitrate (AgNO3), 99.0%; 
hydroquinone, 99%, and Ludox® LS, 30 wt.%, aqueous silica nanoparticle suspension were 
purchased from Sigma Aldrich. Sodium borohydride (NaBH4), 99%, was purchased from Fluka. 
Methanol, 99.9%, was purchased from Fisher Scientific. Ethanol, 100%, was purchased from 
Decon Labs. All chemicals were used as received without further purification. Deionized water 
was purified by a Barnstead Nanopure II water purification system. 
 
7.3.2 Gold Nanorod Synthesis 
We adapted the methods described by Vigderman and Zubarev32 to synthesize gold 
nanorods (AuNRs). First, CTAB-capped gold seeds were prepared.  To 9.5 mL 0.10 M CTAB 
was added 500 µL 0.010 M chloroauric acid (HAuCl4). While stirring rapidly, 460 µL of freshly 
prepared, ice-cold 0.10 M sodium borohydride (NaBH4) in 0.010 M NaOH was quickly added. 
The seed solution changed color to dark brown immediately following the addition of NaBH4. 
The seeds were aged for 1 hour before use.  
A gold nanorod growth solution was prepared by adding 25 mL 0.010 M HAuCl4 to 475 
mL 0.10 M CTAB. While stirring gently, 0.75 mL 0.10 M AgNO3 was added followed by 25 mL 
0.10 M hydroquinone. The solution was stirred until it turned colorless, then 8 mL of CTAB-





resulting AuNRs were purified by centrifugation at 8 000 rcf for 30 min. The supernatants were 
removed and the pellets were dispersed in water.  
 
7.3.3 Silica Coating Gold Nanorods 
Silica coating was accomplished using previously published procedures.4 To further 
reduce the CTAB concentration, the CTAB-capped AuNRs were centrifuged again at 8 000 rcf. 
After discarding the supernatant, the pellet was dispersed in water and an aliquot of 0.10 M 
CTAB was added to bring the CTAB concentration up to 0.8 mM. The AuNRs were allowed to 
stand in 0.8 mM CTAB overnight. To 10 mL of 1 nM CTAB-capped AuNRs in 0.8 mM CTAB 
was added 40 µL of 0.10 NaOH. The nanorods were gently shaken for 30 min. Fresh 20 vol% 
TEOS in methanol was prepared and 90 µL was added to the AuNRs. The silica shells were 
allowed to grow overnight. Silica coated AuNRs were purified by centrifugation at 8 000 rcf for 
30 min. After discarding the supernatant, the silica coated AuNRs were dispersed in 10 mL 
ethanol. This was followed by a second round of centrifugation at 7 000 rcf for 30 min after 
which the supernatant was discarded and the pellet was dispersed in 10 mL ethanol. 
 
7.3.4 Ultrasonic Nebulization for TEM Sample Preparation 
Figure 7.1 shows a diagram of the apparatus used to coat the nanoparticle solution onto a 
TEM grid. The nanoparticle solution was injected into a glass cell that was placed over an 
ultrasonic transducer operating at 1.65 MHz. The bottom of the cell was enclosed with a polymer 
membrane to facilitate the transfer of the ultrasound from the outer water bath to the inner 
nanoparticle solution. A flow of nitrogen gas at 0.5-1.0 L min-1 carried the nebulized 





were employed to filter out large droplets. A TEM grid was placed on a cleaned piece of silicon 
on the bottom of a sealed coating cell. A bubbler connected to the coating cell collected any 
remaining airborne nanoparticles. 
For a typical coating procedure, 2 mL of the nanoparticle solution were placed in the 
nebulizing cell. Once the cell had been sealed and nitrogen gas flow started, the ultrasonic 
transducer was turned on to generate a mist. The transducer was kept on for 0.5-3 minutes, then 
the gas was kept flowing for 2 minutes after the transducer has been turned off to make sure no 
airborne nebulized droplets remain in the apparatus.  
 
7.3.5 Instrumentation 
UV-Vis extinction spectra were collected using an Agilent Cary 5000 UV-Vis-NIR 
spectrophotometer. Transmission electron microscopy was carried out using JEOL 2100 Cryo 
and JEOL 2010 LaB6 microscopes operated at 200 kV. For scanning electron microscopy, an 
Hitachi S-4800 microscope was used. 
 
7.4 Results and Discussion 
To coat nanoparticles onto a TEM grid, we used an apparatus like that shown in the 
diagram in Figure 7.1. The nanoparticle dispersion was injected into a glass cell over an 
ultrasonic transducer. A polymer membrane on the bottom of the cell separated the nanoparticle 
dispersion from the water bath below while allowing the conduction of the ultrasound into the 
cell. In addition to the capillary waves, ultrasonic irradiation also induces macroscopic 
disturbances in the nanoparticle solution, which may produce large droplets. Also, droplets may 





splashes, a bump trap was placed over the nebulization cell. A carrier gas was used to convey the 
nebulized nanoparticle solution through the bump trap into a horizontal drift tube. At the end of 
the drift tube a conical skimmer made from a vacuum funnel gasket with a 2 cm diameter 
opening to further filtered the droplets. The remaining droplets then flowed down to deposit on a 
TEM grid. The carrier gas and any remaining suspended particles flowed through a bubbler to 
collect the particles and prevent the release of the nanoparticle aerosol into the air. 
Using silica coated AuNRs in ethanol, we observed differences in surface coverage on 
TEM grids for samples prepared using our ultrasonic nebulization spray coating technique 
compared to drop-casting. TEM images showing typical nanoparticle distributions for drop-cast 
0.1 nM silica-coated AuNRs and spray coated 0.1 nM silica coated AuNRs are shown in Figure 
7.2a and b, respectively. Drop-casting results in irregular coverage on the TEM grid (Figure 
7.2a). Some regions in the sample have sparse coverage while in other areas the AuNRs are 
densely packed together. In the drop-cast sample, aggregates of nanoparticles that likely formed 
during the drying process are also apparent. In comparison, spray coating results in a random 
distribution of small clusters of nanoparticles. The density of coverage can be tuned by 
increasing or decreasing the time for spray coating. It should be noted that continuous spray 
coating for too long can wet the TEM grid, which may lead to drying effects. Often it is better to 
increase spray coating time by implementing a series of short periods of spray coating followed 
by periods during which only the carrier gas is flowing.. 
Along with providing more uniform nanoparticle distribution on TEM samples, spray 
coating is also much less likely to cause ruptures in graphene TEM support films than drop-
casting, especially for aqueous nanoparticle dispersions. Figure 7.3a and b show bright-field 





capped AuNRs on graphene. In a forthcoming publication, we take advantage of the low contrast 
background provided by graphene to make direct measurements of the carbon density using 
STEM-EELS on the surface of AuNRs with different surface ligands to better understand the 
distribution of ligands on the AuNR surface. While indirect methods have been used to probe the 
density of ligands on nanoparticle surfaces,33,34 spatially resolved ligand densities of the ligands 
on nanoparticles can be measured directly using STEM-EELS maps like those in Figure 7.3c and 
d. Because the background carbon density of the graphene is known, quantitative comparisons 
can be made between samples. Spray coating is also particularly useful for these kinds of studies 
because it is relatively easy to achieve high surface coverage of single nanoparticles on the TEM 
sample by diluting the nanoparticle dispersion and altering the spraying time. By averaging over 
many nanoparticles, it is possible to elucidate trends in ligand distribution that are general 
throughout a sample over those that are specific to single nanoparticles. 
On TEM grids prepared using our spray coating method, the number of nanoparticles in 
any given cluster is similar throughout the sample. This is due to the fact that the droplets 
resulting from ultrasonic nebulization of a liquid have a uniform, well-defined size. The average 
diameter of the droplets D is proportional to the size of the surface capillary waves, dependent on 
the surface tension γ and density ρ of the liquid, as well as the frequency F of the ultrasound, as 
described in Lang’s equation:35 
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For example, pure ethanol irradiated at 1.65 MHz has an average droplet diameter of 
about 2 µm. As the solvent in each droplet evaporates, either as it passes through the drift tube or 
after it is deposited on the TEM grid, the nanoparticles are drawn together in clusters. Because of 
uniformity in droplet size, the number of particles per droplet can be controlled by changing 
particle concentration, allowing the average size of the clusters deposited on the TEM grid to be 
tuned.  
 Or, by analyzing the number of particles in each cluster, it may be possible to estimate 
the concentration of ultrasonically nebulized nanoparticle solution. If we assume that the 
nanoparticles are randomly distributed throughout the solvent, then the average number density 
of nanoparticles per ultrasonically nebulized droplet should reflect the concentration of 
nanoparticles in the dispersion. We prepared several dilutions from a dispersion of silica coated 
AuNRs in ethanol with an estimated concentration of 1 nM. In Figure 7.4a the average cluster 
sizes observed for TEM samples prepared from each dilution are plotted against the 
concentration of each nanoparticle dilution. For each point in Figure 7.4a, the number of AuNRs 
in at least 30 clusters was counted. TEM images of typical clusters for each dilution are shown in 
Figure 7.4b-g. Despite relatively large standard deviations in the number of AuNRs per cluster, 
the average cluster sizes appear to vary linearly with AuNR concentration. Assuming that any 
differences in the density and surface tension of dilute dispersions of silica coated AuNRs in 
ethanol are negligible compared to pure ethanol, then by Equation 7.1 the ultrasonically 
nebulized droplets of our dispersion should be approximately 2.2 µm in diameter, giving them a 
volume near 5.3 x 10-15 L. Therefore, the results of counting AuNRs per cluster in Figure 7.4a 
indicate that highest concentration AuNR dispersion has a concentration of 7.2 ± 0.5 nM, which 





was based on an extinction coefficient that had previously been found for AuNRs of similar size. 
To measure AuNR extinction coefficients, the preferred method involves comparing the UV-Vis 
extinction of the longitudinal localized surface plasmon resonance (LSPR) to the gold 
concentration determined by inductively couple plasma optical emission spectrometry (ICP-
OES) or ICP mass spectrometry (ICP-MS) and characterizing the AuNR dimensions using 
TEM.36,37  
 The distribution of cluster sizes for each of the samples measured can perhaps shed light 
on possible sources of error in our measurements. In Figure 7.5, box-and-whisker plots are 
shown alongside the data from counting cluster sizes observed for each sample. For all of the 
samples, the distributions are skewed towards larger cluster sizes. Outliers in the distributions 
occur exclusively for larger cluster sizes. This may provide some clues why our counting method 
indicates a greater concentration than estimates using an ICP-OES derived extinction coefficient. 
Two of the most likely sources of variations in cluster size are 1) coalescence of two or more 
droplets in the nebulization chamber or drift tube our spray-coating apparatus or 2) flocculation 
of particles prior to nebulization. Both sources of variation are more likely to increase the cluster 
size.  
We have taken measures to mitigate the effects of droplet coalescence on the size of the 
AuNRs clusters. As described in the Experimental, by incorporating elements such as a bump 
trap, a drift tube, and a skimmer into our spray coating apparatus, we can selectively filter out 
larger droplets. To quantify the variation in droplet size deposited using our apparatus, a 2.5 
wt.% suspension of Ludox® LS nanoparticles was prepared in deionized water. A tube furnace 
was placed over the drift tube to accelerate the drying of the nebulized silica suspension droplets. 





place of a TEM grid at the bottom of the collection jar. As the droplets dried in the heated drift 
tube, the silica nanoparticles formed spherical clusters. The clusters appear solid under SEM and 
are composed of thousands of silica nanoparticles. Figure 7.6b shows a typical SEM image of 
some deposited Ludox microspheres on a silicon substrate. Assuming the size of the spherical 
clusters is proportional to the size of the initial droplet and the distribution of silica nanoparticles 
is uniform throughout the nebulized liquid, the relative variation in droplet size and volume can 
be determined from the measured variation of cluster sizes. 
Figure 7.6a shows a box and whisker plot of the measured clusters. The mean diameter of 
the silica clusters is 1.00 ± .37 µm. When two droplets coalesce to form a droplet with twice the 
volume of the original droplets, then the new droplet would be expected to have a diameter only 
21/3, or 1.26, times larger than the original droplets. Therefore, in addition to whatever variation 
exists in the size of droplets when they are formed, it seems likely that droplet coalescence 
contributes to error in our measurements. From the variation in droplet diameter measured, the 
relative standard deviation of the droplet volume exceeds 100%. Because the number of 
nanoparticles in a droplet depends directly on the concentration and thus on the volume of the 
droplet, if the nebulized droplets of the gold nanoparticle solution have a similar distribution of 
sizes, droplet size may be an important contributor to the standard deviation of concentration 
estimations based on the particle counting technique. 
The Shapiro-Wilk normality test was applied to the distribution of the silica nanoparticle 
cluster diameters shown in Figure 7.6a. At 95% confidence, normality was rejected. The skew in 
the distribution is also apparent from the box and whisker plot. This skew towards larger particle 
diameters may be due in part to droplet coalescence. The Shapiro-Wilk normality test was also 





95% confidence. Because the cluster size varies linearly with the volume of the droplets, a more 
fair comparison might be to compare the silica nanoparticle cluster size distribution to the cube 
root of the AuNR cluster sizes. Applying the Shapiro-Wilk normality test to the cube root of the 
cluster size distributions, at 95% confidence normality could be rejected for the clusters prepared 
from each AuNR dilution except for the 0.4 and 0.8 nM samples. Furthermore, the mean cluster 
sizes are more than 7 times greater than what would be expected from extinction-based 
measurements, possibly indicating additional causes of inaccuracy. 
Flocculation of AuNRs prior nebulization may be causing greater than expected cluster 
sizes. We have reason to believe that flocculation of nanoparticles may have played a role in our 
measurements because after only a couple of hours, some AuNRs in each of the dilutions were 
found to sediment on the bottom of centrifuge tubes that they were stored in. The ζ-potential of 
silica coated AuNRs in ethanol is usually only slightly negative, which means that they are only 
weakly electrostatically repelled by one another. While their silica shells prevented permanent 
aggregation, van der Waals attraction between particles may have caused them to form loose 
aggregates. Directly estimating nanoparticle concentration from the average cluster size and the 
volume of the droplets would work if the nanoparticles were evenly distributed before they were 
nebulized. If they are unevenly distributed, direct estimations of the nanoparticle concentration 
are more difficult, especially since it is impossible to know how many droplets do no contain any 
nanoparticles solely from analysis of the TEM grid after sample deposition. The effects of 
flocculation could be alleviated by using nanoparticles that have a greater surface charge, which 
would be more likely to electrostatically repel one another. By analyzing the clusters produced 
by spray coating nanoparticles such as CTAB-capped AuNRs, which have a high surface charge, 





To better understand the possible contribution of particle flocculation on the size of the 
clusters observed, we spray coated a variety of AuNRs with different capping agents. Figure 7.7 
shows TEM images of representative clusters for different AuNR samples at about 0.2 nM. In 
comparison to the silica coated AuNRs, CTAB-capped AuNRs formed more widely dispersed 
patterns of particles on the TEM grid. The wide spread of the particles made it hard to tell 
whether the particles were individual or associated with one another in one cluster. The loose 
clusters produced by CTAB-capped AuNRs may be due to the effects of CTAB on the surface 
tension of the droplets. PEG-coated AuNRs, on the other hand, tended to form large clusters of 
particles. Thus, it appears that it is important to account for the effects of particle surface 
chemistry when using the particle counting technique to estimate concentration. 
A remote but possible third cause of discrepancy between the estimated AuNR 
concentrations from spray coating versus those found using the extinction of the longitudinal 
LSPR may be inaccuracy in the extinction coefficient. The extinction coefficient used to find the 
concentration of AuNRs in this study was previously determined for a different sample of 
CTAB-capped AuNRs with similar geometry. It is unlikely that the extinction coefficient is off 
by a factor of 7; however, slight differences in AuNR geometry and changes in the local 
dielectric due to the silica coating and the change in solvent from water to ethanol may have 
affected the extinction coefficient. In future experiments, spray coating CTAB-capped AuNRs 
with an empirically determined concentration from aqueous solution would minimize any error 
in the known concentration. Also, even if other sources of error such as droplet coalescence and 
flocculation are difficult to control for, it may also be possible to generate calibrations curves 





estimate the concentration of nanoparticle samples with similar chemistry and geometry but 
unknown concentration.  
 
7.5 Conclusions 
 We have demonstrated that ultrasonic spray coating can be used as an alternative to drop-
casting for preparing TEM samples from nanoparticle dispersions. While it is difficult to prevent 
drying artifacts such as aggregation and the formation of coffee-rings when preparing samples by 
drop-casting, spray coating results in an even distribution nanoparticles. For fragile TEM support 
films like graphene, spray coating can be used to prepare TEM samples that would otherwise be 
difficult to prepare via drop-casting due to rupture of the support film. Because ultrasonic 
nebulization produces droplets of uniform size, spray coating results in the deposition of clusters 
of nanoparticles. We have shown that the number of nanoparticles per cluster varies linearly with 
nanoparticle concentration. Therefore, it may be possible to estimate nanoparticle concentration 
by simply counting the nanoparticles observed in TEM images; however, sources of variation 
and systematic error make it difficult to directly calculate nanoparticle concentration from the 
mean number of nanoparticles per cluster.  
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Figure 7.1. A schematic diagram of the ultrasonic spray coating apparatus. A piezoelectric 
transducer is used to nebulize a solution of nanoparticles. The nebulized mist is propelled by a 
carrier gas through a bump trap to a drift tube. After passing through a skimmer, the remaining 
droplets travel into a bell jar where they deposit on a TEM grid. Any remaining aerosol is 







Figure 7.2. Typical low magnification TEM images showing (a) drop-cast silica coated AuNRs 
and (b) spray coated silica coated AuNRs. While drop-cast AuNRs can dry in aggregates of 
varying sizes, spray coated AuNRs are evenly deposited on the TEM sample in similar sized 







Figure 7.3. Bright-field STEM images of (a) a CTAB-capped AuNR and (b) a PEG-SH 
functionalized AuNR on graphene. Both samples were deposited by ultrasonic nebulization of an 
aqueous dispersion. STEM-EELS carbon maps of the nanoparticles in (a) and (b) are shown in 
(c) and (d), respectively. Because the carbon density of the graphene support is known, 







Figure 7.4. (a) The mean number of AuNRs per cluster is plotted against the concentration of the 
AuNR dispersion. Error bars show the standard deviation. The red line represents the linear 
regression line. For each point in the plot, the AuNRs in at least 30 clusters was counted. TEM 
images of typical clusters produced by spray coating 0.010, 0.2, 0.4, 0.6, 0.8, and 1.0 nM silica 







Figure 7.5. Box-and-whisker plots of the number of AuNRs per cluster with individual data 
shown as diamonds for spray coated AuNRs dispersions from Figure 7.4. The distribution of 







Figure 7.6. Estimating the relative distribution in droplet size. A 2.5 wt% suspension of silica 
nanoparticles was ultrasonically nebulized, and the collected  nanoparticle clusters were 
measured by SEM. in order to study the size distribution of droplets in deposited by our spray 
coating apparatus (a) shows a box-and-whisker plot (right) with individual data shown as circles 
on the left of the measured diameters. (b) shows a typical SEM image used to study the particle 







Figure 7.7 Nebulization of AuNRs with different surface chemistry. The TEM images show 
clusters of (a) silica coated, (b) CTAB-capped, and (c) PEG coated AuNRs. The precursor 
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